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CHAPTER 1 
 

Introduction 
 
 
 

Perceiving our environment with all its beauties is a fascinating process. Many 
philosophers have long wondered about questions concerning human perception. 
They were interested in the sources and the validity of human knowledge and its 
relation to the senses. For example, they wondered whether all knowledge 
originates from perceptual observations of the physical world or whether we have 
innate ideas. In addition to the philosophical approach, perception has also been, 
and still is, an important research topic in the field of psychology. Perception 
researchers are more concerned with questions like how physical energy that 
interacts with a sense organ can result in a percept, and how these percepts 
correspond to the physical world. The long history of perception research reveals 
the complexity of perceptual processes, and a large number of fascinating questions 
are still unanswered. As an example, is our perception of objects veridical and how 
is the percept of a specific property influenced by other factors in the environment? 
Comparable questions will be approached in the present thesis by way of 
psychophysical experiments.  

The present thesis will focus on the sense of touch, and will address several 
issues concerning the human ability to perceive object properties that are important 
during active interactions with objects. These studies will contribute to a better 
understanding of the sense of touch and with that to an enhanced knowledge of 
human perception in general. From a more applied perspective, touch is a highly 
important sense because of its power to aid people who have impairments to other 
senses, mainly those who are visually impaired. Investigating the abilities of the 
modality of touch may contribute to new developments that can be of support for 
those people. Moreover, knowledge from these studies may also be applied in the 
field of remote handling and teleoperation.  
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1.1   The modality of touch 
 
The sense of touch is the modality with the largest sense organ, which is composed 
of the skin and other parts of the body. The hands are only a small part of this large 
organ, but they are of main importance because they are used when we interact with 
the world around us and especially during interactions with objects that we want to 
manipulate. Our hands enable us to type on a computer keyboard, to read Braille, or 
to feel the texture of objects. During these interactions, our percepts arise from 
information provided by a variety of mechano- and thermoreceptors. 
Mechanoreceptors are specialized sensory cells that respond to mechanical 
pressure, vibration or displacement, whereas thermoreceptors respond to absolute 
and relative changes in temperature. Loomis and Lederman (1986) proposed that 
the modality of touch could be divided into three distinct systems: cutaneous, 
kinesthetic and haptic. Cutaneous information arises from the contact of the skin 
with an object, and is conveyed by receptors embedded in the skin. Kinesthetic (or 
proprioceptive) information is related to the movement and the position of the 
limbs, and is transmitted by receptors located within the body’s muscles, tendons 
and joints. Finally, the haptic system uses combined inputs from both the cutaneous 
and the kinesthetic systems.  

Active interactions with and manipulations of objects rely mainly on the haptic 
system. During these interactions, a variety of object properties can be perceived. 
Klatzky and Lederman (1993) made a distinction between geometric properties and 
material properties of objects. The geometric properties can be further divided into 
size and shape, which can again be differentiated into micro- and macrogeometric 
levels. At the microgeometric level, the objects are small enough to fall within a 
single region of the skin, such as a fingertip. At the macrogeometric level the 
objects are rather large and can be enclosed by fingers and hand(s). The material 
properties are differentiated into texture (e.g. roughness and stickiness), hardness, 
and thermal properties. Finally, some object properties (e.g. weight) depend on a 
combination of both geometry and material. 

Haptic perception of both geometric (at macrogeometric level) and material 
properties will be addressed in the present thesis. The focus will be on how the 
perception of specific properties may be influenced by other properties inherent to 
the explored objects or by the context in which the object was explored.  
 
1.2   Perception of object properties 
 
During natural exploration of objects, it is often not possible to perceive one 
specific object property in isolation. For example, suppose that you were presented 
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with a wooden block and were asked to perceive by touch the size of that block. At 
the moment you grab the object with your fingers, you will perceive properties such 
as the surface texture, the temperature and the hardness of the material from which 
the object is made. Consequently, the perception of the size of the wooden block 
would not be based only on the physical size of the object but can be influenced by 
these other object properties as well. A systematic influence of one specific object 
property on the perception of another property might result in the occurrence of 
perceptual illusions or perceptual biases. An illusion/bias indicates that the percept 
of a property deviates from its physical value. Throughout the history of perception 
research, a large number of illusions in different sensory modalities have been 
demonstrated. These illusions served as a way to understand the perceptual systems 
and to gain some insights into the functioning of the brain.  

The present thesis will demonstrate and characterize some illusions that can 
occur during haptic perception of object properties. The purpose of these studies 
was to provide some insight into the functioning, the abilities and the shortcomings 
of the haptic system. Knowledge concerning the perception of specific object 
properties is necessary for an understanding of more general processes involved in 
manipulation and recognition of objects that we encounter in our environment. 
Moreover, these insights might also be relevant for a broader audience. The 
knowledge gained from the present studies may be helpful for the development and 
optimization of haptic interfaces. For example, for the improvement of tactile maps 
for blind or visually impaired people it might be important to know how textures 
perceived with one part of the hand may influence the perception of textures 
explored simultaneously with another part of the hand.  

The main part of the experiments described in the present thesis focused on 
haptic perception of object properties. However, many object properties that can be 
perceived by touch can also be perceived by the visual system. A comparison 
between the performances in conditions without and with visual information could 
provide additional information about the processes involved in the studied 
phenomena, revealing whether they are modality specific or more general in nature. 
Therefore, in addition to the purely haptic experiments the present thesis also 
includes some experiments in which subjects had to use only visual information or 
a combination of both haptic and visual information.   

Fig. 1.1 shows an overview of the present thesis. The focus will be on the 
perception of volume, weight and material (more specific; roughness and heat 
conduction), all properties which are fundamental during haptic interactions with 3-
dimensional (3-D) objects. As already mentioned, we were interested in how the 
perception of these objects properties is influenced by other specific properties of 
the objects. The remainder of this introductory part will focus briefly on each of the 
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studies that we have conducted, providing some general information and explaining 
the general relevance of these studies.   

 

 
Fig. 1.1 An overview of the present thesis. Each chapter investigated the influence of 
a specific object property on the perception of another object property, as indicated by 
the arrows. The numbers along the arrows indicate the different chapters. The solid 
arrows indicate the purely haptic experiments and the dashed arrows the experiments 
with visual information.  
 
1.3   Perception of volume 
 
1.3.1  Influence of shape   
 
Volume can be defined as the amount of space that a substance or object occupies, 
or that is enclosed within a container. This will be the working definition when we 
talk about the volume or the size of 3-D objects. The perception of volume has not 
been studied extensively in the literature to date. Studies that have been conducted 
on volume perception were mainly performed in the visual domain and these 
investigated the phenomenon known as ‘the elongation bias’. This effect is 
illustrated in Fig. 1.2. When presenting subjects with two cylindrical objects of the 
same physical volume, but the one being tall and narrow and the other short and 
wide, the majority of the subjects would select the taller object as having more 
volume (e.g. Frayman & Dawson, 1981; Holmberg, 1975; Piaget, 1968; Stanek, 
1968, 1969). When they had to perceive the objects by touch only, the shorter and 
wider object was perceived as being larger in volume (Krishna, 2006). These 
studies suggested that volume perception is strongly influenced by the most salient 
dimension and that the saliency depended on the sensory modality in which the 
objects were explored: height is salient for the visual sense and the width of objects 
for the haptic sense.   

Material Context

Shape

Volume Weight

2, 4, 6 
7

5

9

3 8

without visual information
with visual information
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Fig. 1.2 An illustration of the elongation bias. The two cylinders have the same 
volume, but a different height-to-width ratio. Studies showed that height (dashed line) is 
salient for vision (eye symbol), whereas the width (solid line) is salient for touch (hand 
symbol).  
 

Inspired by these findings, we investigated whether these conclusions could be 
generalized to objects that differ along more geometric dimensions than merely the 
height-to-width ratio. For that purpose, the experiments in the present thesis were 
performed with more complex 3-D objects: tetrahedrons, cubes and spheres. The 
influence of objects’ shape on volume perception of these objects was investigated 
in different experiments. First, experiments were performed with small objects that 
could fit in one hand. Volume perception was investigated during purely haptic 
conditions (Chapter 2) as well as during visual and bimodal conditions (Chapter 3). 
Second, the effect of shape on haptic volume perception of 3-D objects was 
investigated with relatively large 3-D objects that had to be explored with two 
hands  (Chapter 4). The main purpose of that experiment was to examine whether 
bimanual volume perception of large objects resembled unimanual volume 
perception of small objects. In all these studies, large perceptual biases were 
observed, indicating that volume perception was influenced by the shape of the 
objects. The biases were further analyzed to explore whether the effect of shape on 
volume perception of complex 3-D objects could be explained by the subjects’ 
tendency to base the volume judgment on specific (salient) geometric object 
properties, such as the elongation of the objects.  
 
1.3.2  Influence of material properties 
 
As described previously, objects are not only defined by their geometric properties 
but also by their material properties. Since volume perception was shown to be 
influenced by geometric properties, we wondered whether it would also be 
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influenced by material properties of objects. Based on the idea that the volume 
judgment was biased by the most salient geometric object feature, we wanted to test 
whether an object including a salient material property would be perceived as larger 
in volume than the same object but without this salient material property. These 
ideas are addressed in the study presented in Chapter 5, investigating whether the 
volume percept of 3-D objects was influenced by the objects’ surface texture and 
thermal conductivity, which have been shown to be rather salient features for the 
haptic sense (Ho & Jones, 2006; Lederman & Klatzky, 1997; Plaisier, Bergmann 
Tiest & Kappers, 2008).  
 
1.3.3  The just noticeable differences 
 
The studies introduced up to here focused on biases that could occur during volume 
perception of 3-D objects. During the analyses of the results obtained in these 
studies one fundamental question remained repeatedly unanswered. This question 
concerned the value of the smallest difference in volume between two same-shaped 
objects that human observes still can perceive. For example, can we distinguish a 
cube of 5 cm3 from a cube of 5.5 cm3, or do we need a larger difference in volume 
in order to discriminate them with a high accuracy? A study investigating this 
fundamental question is missing in the literature to date, regardless of the fact that 
the just noticeable differences (JND) of object properties had been studied already 
since the 19th century. The first experiments on the JND were performed by Weber 
(1860), who investigated the discrimination of lifted weights. He became famous by 
his finding that the JND is a constant proportion of the reference level, a finding 
that became known as Weber’s law. The experiments presented in Chapter 6 of the 
present thesis will shed some light on the accuracy of the haptic system to 
discriminate the volume of same-shaped 3-D objects. In addition, a comparison 
between these results and those obtained for the discrimination of differently 
shaped objects (Chapter 2) will contribute to a better understanding of the 
mechanism involved in haptic volume perception. 
 
1.4   Perception of weight  
 
An object property related to volume that is also of substantial importance during 
interaction with and manipulation of objects is weight. When an observer has to lift 
an object, the size of the object can determine the way the object should be grasped, 
but after that the weight of the object will determine the forces that are needed in 
order to lift the object appropriately. From previous research it has become clear 
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that the perception of weight could also be influenced by different object properties. 
The interaction between size and weight has received the most attention. In 1891, 
Charpentier published a study describing an experiment in which subjects had to 
explore two spheres of equal masses but the one being larger than the other, and 
they had to indicate which of the two was heavier. He observed that the physically 
smaller object was perceived as being heavier than the larger one (Murray, Ellis, 
Bandomir & Ross, 1999). This phenomenon became known as the size-weight 
illusion, which has been studied extensively thereafter (for a review see Jones, 
1986). The mechanisms behind this phenomenon are still not completely 
understood, but the robustness of the effect is evident.  

The size-weight illusion is based on the influence of the physical size of objects 
on the perceived weight of these objects. We wondered whether the perceived size 
would also have an influence on the weight percept. For example, suppose you 
were asked to compare a tetrahedron and a sphere of the same physical size and 
weight. And suppose that you perceive the sphere as being smaller in size than the 
tetrahedron. The question then is, whether you would perceive the sphere to be 
heavier than the tetrahedron. These ideas were explored in the experiments 
presented in Chapter 7. The experiments described in that chapter were performed 
with the same objects as used for the investigation of the influence of objects’ shape 
on volume perception (Chapter 2), creating the possibility to relate shape, perceived 
size and perceived weight to each other. In addition to the experiments described in 
Chapter 7 that were performed under purely haptic conditions, we investigated also 
whether the effects observed during these conditions would be influenced by the 
availability of visual cues about the shape and the size of the objects (Chapter 8). 
This experiment provided information about the relative importance of haptic and 
visual cues during the perception of weight.  

 
1.5   Perception of roughness  
 
As described before, the experiments that are presented in Chapter 5 investigated 
the influence of the surface texture of objects on the perception of their volume. A 
related question is whether the surface texture of objects might have an influence on 
the perception of surface texture itself. In order to illustrate this, consider the 
following example. While you are reading this thesis, suppose you were also 
holding and exploring a rough object with your hand, for example a pinecone. The 
cutaneous receptors in the skin of your hand will be stimulated extensively by the 
uneven surface of the object. After some period of time, you want to drink some of 
your coffee from the cup that is standing on the table in front of you. Therefore, you 
will put the pinecone away and will take the cup in your hand. At that moment, you 
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will perceive the texture of the cup’s surface. Would this surface have felt 
differently if your receptors were not stimulated extensively beforehand by the 
rough surface of the pinecone? In addition, suppose that the cup was made out of a 
smooth and a rough material. Your index finger is in contact with the smooth 
material and your middle finger with the rough material. Is your percept of the 
smooth material influenced by the fact that your middle finger is stimulated by a 
rough material? These are only some examples of how exposure to a surface texture 
might influence haptic perception of material properties.  

The experiments presented in Chapter 9 focused on the perception of a material 
property that has been studied extensively, namely the roughness of objects. Studies 
have investigated the relationship between various physical properties (e.g. spacing 
between ridges or dots on a surface, the height of the dots) and roughness 
perception, and have modeled the neural basis for coding roughness (e.g. Connor, 
Hsaio, Philips & Johnson, 1990; Connor & Johnson, 1992; Lederman, 1974). The 
last study in the present thesis investigated whether haptic perception of roughness 
was influenced by surfaces explored previously with the same part of the hand 
(temporal influence) and by surfaces explored simultaneously but with another part 
of the hand (spatial influence). The measured effects will be related to structures of 
cortical receptive fields. This will provide insights into the level of processing at 
which these effects may occur, and will contribute to a better understanding of the 
mechanisms involved in haptic roughness perception. Moreover, the knowledge 
from this study may also be of importance for the improvement of the previously 
mentioned tactile maps.  
 
1.6   Concluding remarks  
 
All these chapters addressed topics that are interesting by itself. As mentioned in 
the first part of the introduction, together they will also contribute to a better 
understanding of haptic perception in general and hopefully also to some valuable 
applications, although these applications may not always be visible directly. 

Chapter 10 will summarize the present work and will elaborate on the main 
conclusions that can be drawn from the studies that have been conducted during my 
PhD-years. The different chapters are strongly related, but each chapter is standing 
on its own since the chapters have been written as independent journal articles. 
Therefore, do not be surprised if you find parts in different chapters that are 
elaborating on the same ideas or parts that are explaining the same procedures. The 
studies in the present thesis are not presented in chronological order but in a logical 
order.                



 

 

CHAPTER 2 
 

Haptic perception of volume and surface area of  
3-D objects 

 
 
Abstract  
 
Haptic perception of volume (Experiment 1) and surface area (Experiment 2) was 
studied with tetrahedrons, cubes, and spheres as stimuli (2–14 cm3). The results of 
Experiment 1 showed that subjects perceived a tetrahedron to be larger in volume 
than either a cube or a sphere of the same physical volume and that they perceived a 
cube to be larger than a sphere. This pattern was independent of object size. The 
biases were smaller in conditions with mass information than in those without. The 
average biases in the different conditions ranged from 7 % to 67 %. Analyses 
revealed that the subjects apparently based their volume judgments on the surface 
area of objects. Experiment 2 showed that surface area itself could be perceived 
accurately, almost independently of the objects’ shape. Experiment 3 investigated 
volume perception of objects in the absence of surface area (wire-frame objects) 
and showed larger biases than those observed with solid objects. With wire-frame 
objects, the maximal distance between two vertex points was probably the 
dimension on which the volume judgment was based. In conclusion, haptic volume 
perception of geometric objects has to be inferred from other object properties, but 
surface area can be perceived unbiased. 
 
 
 
 
 
 
 
 
 
 
M. Kahrimanovic, W. M. Bergmann Tiest, and A. M. L. Kappers (2010). Attention, 
Perception, & Psychophysics, 72 (2), 517-527. 



Haptic perception of volume and surface area 

 

16 

2.1   Introduction 
 
The most well-known example of a study on the perception of volume is probably 
Piaget’s (1968) experiment on conservation of liquid volume with young children. 
In his experiments, liquid was poured from a tall cylinder into a shorter, wider one, 
so that the height of the liquid in the second cylinder was smaller. A young child 
who observes this action will most likely indicate that there is more liquid in the tall 
skinny cylinder. According to Piaget, this happens because the child tends to focus 
on just one dimension of the cylinder—that is, the height—in order to make the 
volume judgment. Studies performed with adult participants have also suggested 
that visual volume perception depends on the longest linear dimension of objects 
(Frayman & Dawson, 1981; Holmberg, 1975; Lauer, 1929; Raghubir & Krishna, 
1999; Stanek, 1968, 1969; Wansink & Van Ittersum, 2003). This phenomenon has 
been termed the elongation bias.  

Krishna (2006) showed that the extent and direction of this elongation bias is 
affected by sensory modality. She used two transparent plastic glasses, each with a 
volume of about 200 cm3, with one glass taller than the other. Adult participants 
had to judge the volume of these glasses by use of visual cues alone, bimodal visual 
and haptic cues, and haptic cues alone. With visual cues alone and with bimodal 
cues, the elongation bias was obtained. With haptic cues alone, a reversal of the 
elongation bias occurred. Krishna suggested that this difference between the 
modalities occurs because the salience of a dimension may depend on sensory 
input. The height is salient for the visual sense, but the width for the haptic sense. 

Objects can, however, differ along more geometric dimensions than only the 
height-to-width ratio. When a long and a short cylinder or a cube and an elongated 
rectangular cuboid are compared by touch, the most obvious difference between the 
compared objects is indeed the height-to-width ratio. On the other hand, a cube and 
a sphere differ along more geometric properties that can be salient for the haptic 
sense—for example, curvature, edges, and number of flat surfaces. The important 
question we will address in this article is, can we generalize the influence of the 
longest linear dimension on haptic volume perception to objects that differ along 
more geometric dimensions?  

In the first experiment, blindfolded subjects handled tetrahedrons, spheres, and 
cubes of varying volume and matched them according to their perceived volume. 
The stimuli were perceived by enclosure, since that has been shown to be the 
stereotypical exploratory procedure for haptic volume judgment (Lederman & 
Klatzky, 1987). We measured the tendency to over- or underestimate the volume of 
an object with respect to the volume of objects of different geometric shapes. Since 
significant biases occurred, we also examined the influence of diverse geometric 
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properties, such as elongation and surface area, on haptic volume perception. An 
additional purpose of the first experiment was to examine the importance of mass 
information during haptic volume perception. Subjects performed the volume 
discrimination task either by unsupported holding of the object (i.e., with mass 
information) or by handling objects that were placed on stands (i.e., without mass 
information). The mass of the objects covaried consistently with their volume, and, 
therefore, both cues could be used for the volume judgment. The small Weber 
fractions for weight perception, ranging from 0.02 to 0.13 (for a review, see Jones, 
1986), indicate that mass differences can be perceived accurately and that mass 
information is likely to be used when it is available. In the present experiment, the 
subjects may base their volume judgment primary on the available mass 
information, ignoring the geometric cues. However, Amazeen (1999) showed that 
both physical mass and physical volume contribute to perceived volume. Mass 
information may, then, be used as a second dimension to adjust the initial volume 
judgment.  

The results from this first experiment showed large effects of geometric shape 
on volume perception, in both the conditions with and those without mass 
information, and revealed that haptically perceived volume was apparently based on 
the surface area of objects. This raised the question of whether surface area itself 
could be matched for objects of different geometric shapes. This was addressed in 
Experiment 2. Another question, which was the focus of Experiment 3, was 
whether the effect of shape on haptic volume perception would change when 
objects were explored without surface information. 
 
2.2   Experiment 1: Volume perception 
 
2.2.1  Method 
 
Subjects 
Nine students from Utrecht University (6 of them female and 3 male; mean age, 21 
years) participated in this experiment. Data from 1 of these subjects were excluded 
from the analysis, because she indicated afterward that she was not performing the 
required task. All the subjects were right-handed, as established by Coren’s (1993) 
handedness questionnaire. All were naive as to the purposes of the experiment, and 
they were paid for their participation. Before starting the first session of the 
experiment, they provided written informed consent.  
 
Stimuli 
Tetrahedrons, cubes, and spheres were used as stimuli. They were made of brass, 
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and their volumes ranged from 2 to 14 cm3, in steps of 1 cm3. Two different sets 
were used for each of the three geometric objects. The first set consisted of 13 
completely solid objects (see Fig. 2.1). The mass of the objects covaried 
consistently with their volume (i.e., the mass ranged from 16.8 to 117.6 g). For the 
second set, objects identical to those in the first set were used, but in each of them, a 
small cylindrical hole was made in the center of one plane. This hollowing caused 
no changes to the global geometric shape or volume of the objects. These objects 
could be placed on stands to eliminate mass information (see Fig. 2.1). Two 12-cm-
high stands were used, and they were placed at a center-to-center distance of 10 cm. 

 

 
Fig. 2.1 The stimulus set with the completely solid objects (top) and an example of 
the setup in the no-mass condition (bottom). 
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Conditions 
The experiment was divided into two main exploration blocks; in one block, the 
mass information was available during the exploration of the stimuli (mass), and in 
the other, the mass cues were eliminated by placing the objects on stands (no mass). 
Each exploration block consisted of three different object pair conditions: 
tetrahedron–sphere, tetrahedron–cube, and cube–sphere. Furthermore, for each 
object, a small, medium, and large reference volume was used. 

When two different objects are compared with each other, it is important to test 
whether the comparison is independent of the choice for one or the other object as 
the reference. That is, if a reference tetrahedron of 2 cm3 is matched to a sphere of 4 
cm3, a reference sphere of 4 cm3 should be matched to a tetrahedron of 2 cm3. In the 
present experiment, the different reference values per object were selected in such a 
way that this consistency could be tested afterward. The selection was based on 
results from a pilot study, showing that, in general, a tetrahedron was matched to 
both a larger cube and a larger sphere and that a cube was matched to a larger 
sphere. Therefore, the selected tetrahedron references should be smaller than the 
cube and the sphere references, and the cube references should be smaller than the 
sphere references. On the basis of these assumptions, the following reference 
volumes were used: tetrahedrons of 3, 5, and 7 cm3, cubes of 4, 6, and 8 cm3, and 
spheres of 5, 7, and 9 cm3. This means that each object comparison consisted of six 
references—that is, three for each object. Taken together, there were 36 different 
conditions—that is, exploration manner (2) × object pair (3) × reference size (3) × 
reference object (2). 

 
Procedure 
The stimuli were covered before the subjects entered the experimentation room, and 
the subjects were blindfolded to prevent them from using visual information. For 
the mass blocks, the elbow of the right arm rested on the table, and the forearm was 
shifted upward so that the angle between the forearm and the upper arm was about 
90º. The hand was positioned horizontally. The experimenter could place the 
stimuli in the center of the hand palm (see Fig. 2.2). After the first stimulus was 
placed in the hand, the subject enclosed the stimulus and, thereby, maximized 
contact with it. The period of exploration was not restricted but was often just a few 
seconds. The first stimulus was then replaced by a second stimulus, which was 
explored in the same way as the first one. The order of the reference and 
comparison stimuli was randomized. The subject judged which of the two explored 
stimuli was larger in volume. In these conditions, mass information was available, 
but no information was provided about the relationship between volume and mass. 
The subjects were instructed that the objects would vary in mass but that their task 
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was to compare the objects according to their volume. 
During the no-mass block, the stimuli were presented on stands. Several practice 

trials were necessary to familiarize the subject with the exact position of the stands 
and the stimuli on them. After practicing, the subject could locate the stimuli with 
just one smooth arm movement. The exploration of the stimuli was the same as 
during the mass block, except that the hand palm was now turned sideways (see 
Fig. 2.2). To start a trial, the experimenter gave a vocal signal to indicate that the 
subject could move his/her hand toward the first stimulus, which was always the 
stimulus on the right side with respect to the subject. The fingers enclosed the 
stimulus surface after the hand palm had touched one side of the stimulus. In this 
way, exploration was as similar as possible to that in the mass conditions. Moving 
the stimulus was not allowed; otherwise, mass information would become available. 
After exploration of the first stimulus, the subject moved his/her hand toward the 
second stimulus, explored it in the same way, and judged which of the two stimuli 
was larger in volume. 

 
Fig. 2.2 The way in which the stimuli were presented during the mass conditions 
(left) and the stimulus exploration manner during the no-mass conditions (right). 
 
Data collection 
The stimuli were presented by means of a one-up-one-down staircase procedure. 
The staircases were computer driven. The complete experiment consisted of six 
sessions, with exploration manner and object pair being randomized between 
sessions. For each combination of exploration manner and object pair, the six 
different references (i.e., three for each object) were tested within one session. Sets 
consisting of trials belonging to the six different references were presented 
successively. Within a trial, the presentation order of the reference and the test 
stimulus was randomized. The data for one reference were collected during 35 
trials, with two staircases intermingled and each starting at one side of the stimulus 
range— that is, at 2 and 14 cm

3 
(see Fig. 2.3 for an example). A pilot study showed 
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this number to be enough to reach a constant threshold level in all conditions. The 
subjects performed no more than two sessions per day, and a rest period of at least 
20 min between two sessions was required. One session lasted for approximately 40 
min, resulting in 4 h per subject for the total experiment. 
 
Psychometric data 
An example of the data collected with the staircases can be seen in Fig. 2.3. From 
these data, the fraction was calculated with which the subject selected the test 
stimulus to be larger in volume, as compared with the reference stimulus. This 
calculation was performed for all test volumes (see Fig. 2.3). Subsequently, a 
cumulative Gaussian distribution (f) as a function of the volume (x) was fitted to the 
data with the maximum-likelihood procedure (Wichmann & Hill, 2001), using the 
following equation:  

    

€ 

f (x) =
1
2

1 + erf x − µ

σ 2

 

 
 

 

 
 

 

 
 
 

 

 
 
 
,  

where the parameter σ is a measure of the discrimination threshold—that is, the 
sensitivity of the subjects in perceiving volume differences when comparing two 
objects—and µ represents the volume at which, 50 % of the time, the test stimulus 
was selected to be larger in volume than the reference. This indicates the volume of 
the test stimulus that was perceived to be equivalent to the reference stimulus, also 
known as the point of subjective equality (see Fig. 2.3).  

Relative biases were calculated from these data. For each matched object pair 
(tetrahedron–sphere, tetrahedron–cube, and cube–sphere), the volume of the object 
mentioned first was subtracted from that mentioned second and was expressed as a 
percentage of the volume of the first-mentioned object. In this way, the biases 
obtained with the first object as reference could be compared directly with those 
obtained with the second object as reference. Statistical ANOVAs tested for the 
effect of four within-subjects factors on these relative biases. The first within-
subjects factor (two levels) was the reference object, with the first level indicating 
the biases when the first object from an object pair was the reference, and the 
second level indicating the biases with the second object being the reference. The 
remaining within-subjects factors were object pair (tetrahedron–sphere, 
tetrahedron–cube, cube–sphere), reference size (small, medium, large), and 
exploration manner (mass, no mass). The same statistical analyses were also 
performed on the discrimination thresholds. 
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Fig. 2.3 Left: Example of the two staircases from one condition, each starting at 
different points. The horizontal line at the stimulus volume of 5 cm3 indicates the 
volume of the reference stimulus. Right: Example of the corresponding psychometric 
curve. The bar chart shows the number of repetitions at each test volume (left scale), 
and the curve shows the fitted function through the measured data points (right scale). 
The vertical line at the stimulus volume of 5 cm3 indicates the volume of the reference 
stimulus. The dashed line specifies the place of the point of subjective equality, µ. The 
arrow shows the absolute bias. 
 
2.2.2  Results 
 
Effect of reference 
The ANOVA revealed that, for each combination of objects, both references 
resulted in biases of similar magnitude (F1,7 = 0.11, p = 0.75). For example, if a 
reference tetrahedron of 2 cm3 is perceived to have the same volume as a sphere of 
5 cm3, a reference sphere of 5 cm3 will be perceived to be identical to a tetrahedron 
of 2 cm3. In the subsequent analyses, the biases for the two references from each 
object pair will be averaged. 
 
Effect of shape 
Fig. 2.4 shows the relative biases in the different conditions. The expected biases 
would be around 0 % if geometric shape had no influence on haptic volume 
perception. On the other hand, if geometric shape exerted an influence on volume 
perception, positive or negative biases would occur. For each matched object pair, a 
positive bias indicates an overestimation of the volume of the object mentioned 
first, and a negative bias indicates an underestimation of the volume of the first-
mentioned object. As the figure shows, the observed biases were all much larger 
than zero. The overall average was 31 % (SE = 3 %). The positive biases indicate 
that a tetrahedron was perceived to be larger in volume than both a cube and a 
sphere of the same physical volume and that a cube was perceived to be larger than 
a sphere of the same physical volume. As an example, a tetrahedron of 3 cm3 was 
perceived to be the same in volume as a sphere of about 5 cm3. The ANOVA 
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Fig. 2.4 Biases as percentages of the reference volume for the different conditions 
averaged over the two different direction of testing and over subjects. The 2-D symbols 
along the categorical axis stand for their 3-D counterparts. Error bars represent the 
standard errors of the means. 

showed that the effect of  object pair was highly significant (F2,14 = 25, p < 0.001). 
Post hoc tests revealed that the biases in the tetrahedron–sphere condition—on 
average, 48 % (SE = 4 %)—were significantly larger (p < 0.05), as compared with 
the biases in the other two object pairs, which were 26 % and 20 % (SE is 3 % and 
5 %, respectively). However, these biases from the tetrahedron–cube and the cube–
sphere conditions did not differ significantly (p = 0.73).  
 
Effect of size 
Fig. 2.4 also shows the biases for the different reference sizes. The use of a small, 
medium, or large reference resulted in average bias of 34 % (SE = 4 %), 30 %     
(SE = 3 %), and 28 % (SE = 3 %), respectively. Linear regression analyses, with the 
size as a continuous variable, were performed for the different conditions. The 
slopes of the regression lines were not significantly different from zero (p < 0.05). 
This indicates that the relative bias for perceived volume was not affected by the 
size of the objects, at least not within the range of object size that was used in this 
experiment. Note that for the relative bias to be constant for different sizes, the 
absolute bias has to increase proportionally with the size of the reference. 
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Effect of mass 
The biases in the no-mass conditions (M = 41 %, SE = 3 %) were significantly 
larger (F1,7 = 39, p < 0.001) than those in the mass conditions (M = 21 %,                 
SE = 4 %). This means that the availability of mass information contributed to a 
more accurate volume judgment and resulted in a decrease of the volume biases. 
Note, however, that these biases were still significant.  
 
Discrimination thresholds 
The average discrimination threshold derived from the psychometric curves was 

0.97 cm
3 

(SE = 0.07 cm
3
). The fact that the discrimination threshold was smaller 

than the absolute average bias of 1.5 cm
3 

(SE = 0.15 cm
3
) indicates that the biases 

were of substantial magnitude. The lack of a significant effect of object pair on the 
discrimination thresholds (F 2,14 = 0.01, p = 0.99) revealed that the sensitivity in 
perceiving differences between objects was independent of the specific geometric 
objects that were compared. There was no significant difference in discrimination 
thresholds between the mass and no-mass conditions (F1,7 = 0.15, p = 0.71). The 
main effect of reference volume was significant (F2,14 = 24, p < 0.001). However, 
the linear regression analysis showed that the discrimination thresholds increased 
with an increase of the reference volume only when tetrahedrons and cubes were 
compared. The slope of that regression line was 0.072 (p = 0.04). 
 
2.2.3  Analysis of the influence of geometric properties  
 
At this point, we can conclude that the physical and the perceived volumes of 
differently shaped objects are not the same when subjects explore those objects by 
touch. Which property of the objects is mainly involved in the occurrence of this 
effect? As was suggested in the introduction, haptic volume perception of different 
geometric objects may depend on elongation. The geometric objects in the present 
experiment did not differ only along this linear dimension. Therefore, we also 
analyzed the possible involvement of some other geometric dimensions that were 
shared by the objects in the present experiment. To explore some relevant 
possibilities, the raw data set was expressed in terms of four different values.  
1. Linear dimension defined as follows (see Fig. 2.5):  

A. Smallest distance between two parallel planes that can enclose the object. 
This equals the height of the tetrahedron and the cube and the diameter of the 
sphere.  
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B. Largest distance between two parallel planes that still contact the object. This 
equals the edge length of the tetrahedron, the space diagonal of the cube, and the 
diameter of the sphere.  
2. Circumsphere radius. This is the radius of the smallest sphere that can contain the 
geometric object.  
3. Surface area.  

Table 1 represents the formulas that describe these factors. If the data expressed 
in any of these parameters do not show significant biases, it would be reasonable to 
assume that the objects were matched according to that corresponding dimension, 
although the task was to compare the objects according to their volumes.  

 

Fig. 2.5 Representation of the smallest (left) and the largest (right) distance between 
two parallel planes with the objects in between them. The depicted distance is based on 
an example of objects of equal volume.  

Table 2.1 Formulas used to describe the different factors.  

 Tetrahedron Cube Sphere 
Volume V V V 
Linear dimension A 

€ 

2V 1 3

31 6
 

€ 

V 1 3 

€ 

6
π

 

 
 

 

 
 
1 3

V 1 3 

Linear dimension B 

€ 

2 31 3 V 1 3  
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3 V 1 3  
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6
π

 

 
 

 

 
 
1 3

V 1 3 

Circumsphere-radius 

€ 

1
2
35 6 V 1 3 
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1
2

3 V 1 3  

€ 

3
π

 

 
 

 

 
 
1 3

V 1 3

22 3
 

Surface area 

€ 

6 31 6 V 2 3 

€ 

6V 2 3 

€ 

62 3 π1 3 V 2 3 
Note: The formulas are expressed as a function of the volume (V) of the objects. Linear 
Dimension A corresponds to the smallest distance between two planes that can enclose 
the object, and Linear Dimension B to the largest distance between two planes that still 
contact the object.  
 
Results 
Fig. 2.6 displays the average biases for each possible determining factor. The biases 
for the different reference objects and reference sizes were taken together, since the 
previous analysis on the volume data did not reveal a significant effect of these 
variables. The biases expressed in terms of Linear Dimension A ranged from about 

Linear dimension A Linear dimension B
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-38 % to 35 %, with an average of -6 % (SE = 11 %). Note that the average absolute 
value of the bias was 29 % (SE = 11 %). The biases expressed in terms of Linear 
Dimension B ranged from -11 % to -33 %, with an average of -22 % (SE = 3 %). 
These biases are still large with respect to the already presented biases expressed in 
volume, with an average of 31 % (SE = 3 %). Also, the biases expressed in terms of 
the radius of circumsphere are large—on average, -23 % (SE = 5 %). Hence, it is 
not likely that any of these dimensions were used for volume judgment by touch.  

On the other hand, the biases expressed in terms of surface area resulted in an 
average bias of -9 % (SE = 1.4 %), as shown in the last column of Fig. 2.6. This 
figure also shows that the surface area biases in the no-mass conditions are very 
small, on average -4.5 % (SE = 1 %), whereas those in the mass conditions are 
somewhat larger, with an average bias of -13 % (SE = 2 %). Statistical analyses 
performed on these biases showed that the surface area biases are still significantly 
different from zero (p < 0.05) and that a significant effect of object pair was still 
present (F2,14 = 8.4, p < 0.005). Nevertheless, the surface area biases in both the 
mass and the no-mass conditions are much smaller than the biases expressed in 
terms of volume or in terms of any of the other relevant dimensions. This suggests 
that, in all conditions, surface area information is used as the main factor to 
determine volume but that the dependence of haptic volume perception on surface 
area information decreases when mass information becomes available during the 
task.  

 
2.2.4  Discussion  
 
This first experiment demonstrates the occurrence of large perceptual biases during 
haptic volume comparison of different 3-D objects. These results support Krishna’s 
(2006) finding that the shape of objects has an influence on their haptically 
perceived volume. However, her study was concerned with the influence of only 
one simple dimension of objects: the elongation—or more precisely, the height or 
width—of two transparent plastic glasses. If the objects from the present 
experiment are compared according to their height, the height of a cube is almost 
the same as that of a sphere, and the height of both of them is smaller than that of a 
tetrahedron. From this, it can be deduced that if elongation were the main factor 
influencing the volume judgment, the biases for a tetrahedron, as compared with a 
cube, should be almost as large as the biases for a tetrahedron, as compared with a 
sphere. The present results showed that comparison of a tetrahedron with a sphere 
resulted in significantly larger biases than did a tetrahedron–cube or a cube–sphere 
condition and that comparison of a tetrahedron with a cube and of a cube with a 
sphere resulted in almost the same biases. This suggests that linear dimension was  
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Fig. 2.6 The average biases per condition for the volume data and the data expressed 
in terms of the longest linear dimensions A and B, radius of circumsphere, and surface 
area. For definitions see the text and Table 2.1. The error bars represent the standard 
errors of the means.  
 
not the influential factor for haptic volume perception. This conclusion is supported 
by the biases from the psychometric data expressed in terms of the linear 
dimensions: The absolute values were not smaller than the biases from the data 
expressed in terms of volume.  

The contribution of two other dimensions was also analyzed: the radius of 
circumsphere and the surface area. The first dimension did not show a decrease of 
the biases. Expressing the data in terms of surface area resulted in much smaller 
biases. It seems that the subjects’ decisions were based on, or at least strongly 
influenced by, the surface area of objects when they were, in fact, asked to match 
the volume of these objects. This finding could be related to the cutaneous 
stimulation that is received when solid objects are explored. Cutaneous stimulation 
is probably a salient object feature during enclosure of objects. This salience may 
be analogous to the salience of the longest linear dimension during visual 
perception of area and volume. It has been theorized that the visual percept of area 
and volume depends on the most salient dimension, which has been shown to be the 
elongation of objects (Anastasi, 1936; Frayman & Dawson, 1981; Holmberg, 1975; 
Raghubir & Krishna, 1999; Stanek, 1968, 1969; Wansink & Van Ittersum, 2003). 
Along the same line, the most salient dimension of 3-D objects for the haptic 
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volume task was probably the surface area, and that dimension therefore biased the 
judgment.  

The biases expressed in terms of surface area were larger in conditions with 
mass information than in those without. However, they were still smaller than the 
biases expressed in any of the other parameters. This suggests that the dependence 
of volume perception on surface area information decreases when mass information 
becomes available. Amazeen (1999) already showed that both physical mass and 
physical volume contribute to perceived volume. In the present study, the additional 
mass cue may direct attention away from the salient surface area information. The 
mass cue is then probably used as a second dimension to adjust the initial volume 
judgment. This adjustment is apparently not sufficient to eliminate the biases, since 
significant volume biases occurred also with mass information.  

Summarizing, the present experiment revealed large effects of shape on haptic 
volume perception, which decreases somewhat when mass information becomes 
available. Surface area is probably the geometric dimension that is used to infer 
haptically perceived volume. This raises two important questions. First, if one uses 
information about the surface area when judging volume, is haptic perception of 
surface area itself independent of the shape of 3-D objects? Second, if cutaneous 
stimulation by the surface area indeed biases volume perception, will the biases 
decrease when the surface of the objects is removed? The following two 
experiments focused on each of these questions separately. 

 
2.3   Experiment 2: Surface area perception  
 
Studies from the visual domain have shown that shape has a large influence on the 
perceived area of 2-D figures. It has been shown that triangles are perceived to be 
larger than circles and squares (e.g., Anastasi, 1936; Fisher & Foster, 1968; Warren 
& Pinneau, 1955). Furthermore, some studies have concluded that a square is 
perceived to be larger than a circle (Anastasi, 1936), whereas others concluded the 
reverse (Fisher & Foster, 1968) or even showed no differences (Warren & Pinneau, 
1955). The relative biases found in these experiments ranged from about 6 % to 
about 28 %, depending on the nature of the stimuli and on the specific figures that 
were compared. These studies concluded that the maximum linear dimension of the 
figures was used as the dependent factor for visual perception of 2-D area. Stanek 
(1968, 1969) found that this dimension also has an influence on visual surface area 
perception of    3-D objects. He showed that the surface area of a thin square plate 
was underestimated, as compared with the surface area of a cube.  

Although these effects of geometric shape on visual perception of area have 
been widely investigated, research linking these effects to haptic perception of 
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surface area is missing. The results from Experiment 1 suggested that surface area 
information is used to make a distinction between volumes of 3-D objects when 
they are explored by touch. Therefore, the present experiment examined the effect 
of 3-D shape on haptic surface area perception.  
 
2.3.1  Method  
 
The setup for this experiment was highly comparable to that in the no-mass 
conditions in Experiment 1. The main difference was that, in Experiment 1, the 
subjects had to indicate the objects with the larger volume, whereas in this second 
experiment, the objects with the larger surface area had to be selected.  

The experiment was performed with 8 university students (5 of them male and 3 
female; mean age, 20 years), who had not participated in Experiment 1. All the 
subjects were right-handed, as established by Coren’s (1993) handedness 
questionnaire, and provided written informed consent. The experiment lasted for 
approximately 2 h, divided into three sessions of about 40 min each. No more than 
two sessions per day were performed, with a rest period of at least 20 min between 
them. 

 
2.3.2  Results  
 
Fig. 2.7A shows the surface area biases measured in the present experiment. The 
overall average bias was 2.4 % (SE = 2 %). The ANOVA performed on these biases 
revealed no significant effects of reference object (F1,7 = 0.58, p = 0.47), reference 
size (F2,14 = 0.25, p = 0.78), or object pair (F2,14 = 3.5, p = 0.06). Although the 
effect of object pair is not significant, Fig. 2.7A suggests the occurrence of a trend. 
In all reference size conditions, there seems to be a trend from positive biases in the 
tetrahedron–sphere condition toward negative biases in the tetrahedron–cube 
conditions, with the cube–sphere biases in between. Inspection of the individual 
data reveals that only 4 out of 8 subjects followed this pattern, indicating that this 
trend is apparently not so strong. Hence, we cannot draw hard conclusions 
concerning the effect of object pair on surface area perception. Nevertheless, a more 
important notion is that all these biases are very small, indicating that haptic surface 
area perception of 3-D objects was quite accurate. Therefore, the relevance of 
resolving the question concerning a possible effect of object pair on these small 
surface area biases is negligible. More interesting to the present study is how these 
surface area biases are related to the volume biases measured in Experiment 1.  
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In Fig. 2.7B, the surface area biases in the present experiment are plotted next to 
the volume biases in the no-mass conditions of the volume judgment task. The 
volume biases in the first experiment—on average, 41 % (SE = 3 %) —were 
significantly larger than the small surface area biases measured in the present 
experiment (F1,14 = 93, p < 0.001). Hence, the subjects could match the surface area 
of objects more accurately than their volumes. 

In addition, Experiment 1 has already shown that the biases decreased when the 
data were expressed in terms of surface area, indicating that the subjects used 
surface area information in order to judge volume. Fig. 2.7C reveals that the surface 
area biases in Experiments 1 and 2 were of comparable magnitude. The statistical 
analysis showed a significant object pair × experiment interaction (F2,28 = 5.2, p < 
0.05). The post hoc analysis exploring this interaction effect showed that the surface 
area biases in Experiments 1 and 2 differed only in the tetrahedron– sphere 
conditions: average biases of -7.2 % and 9.0 %, respectively. 

Fig. 2.7 A) The biases for the different conditions in the surface area judgment task, 
averaged over the different directions of testing and over subjects. B) The average 
biases in the volume and the surface area judgment task. C) The same biases, but now 
with those form Experiment 1 expressed in terms of surface area. The error bars are the 
standard errors of the means. 
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2.3.3   Discussion  
 
The main conclusion that can be drawn from these results is that the surface area of 
different 3-D objects can be judged fairly well by touch. The biases for the surface 
area comparison were much smaller than the biases for the comparison of volume, 
which were observed in Experiment 1. Subjects are apparently better at comparing 
surface areas by touch than at comparing volumes. Furthermore, results from 
Experiment 1 showed that the subjects probably used surface area information to 
match the volume of objects. The present results support this suggestion by 
showing that the surface area biases derived in Experiment 1 were of a magnitude 
comparable to the measured surface area biases in Experiment 2.  

Previous studies in the visual domain have shown that the shape of figures has 
an influence on their apparent area (e.g., Anastasi, 1936; Anderson & Cuneo, 1978; 
Fisher & Foster, 1968; Warren & Pinneau, 1955). These studies showed that the 
largest biases occurred when the area of triangles was compared with that of circles. 
The overestimation of the triangles ranged from 14 % to 28 % (Anastasi, 1936; 
Fisher & Foster, 1968; Warren & Pinneau, 1955). These visual biases are larger 
than the average haptic surface area bias of 9 %, which was measured in the present 
experiment for a tetrahedron–sphere comparison. It seems that surface area of 3-D 
objects can be perceived more accurately and more independently of other factors 
by touch than 2-D area by vision. 
 
2.4   Experiment 3: Volume perception without surface information  
 
In the introduction, we suggested that the influence of surface area on volume 
perception might be caused by the salience of the cutaneous stimulation by the 
surface area during enclosure. In that case, elimination of this stimulation should 
change the observed effect. Attention will then not be captured by the salience of 
the surface area and, therefore, can be directed more toward the volume itself.  

The last experiment in this study investigated this possibility. The stimuli used 
were a set of tetrahedrons and cubes that were described only by their edges. Hence, 
there was no physical surface area. The stimuli were compared with each other 
according to their perceived volume or, more correctly, the volume that is suggested 
by the wire-frame models.  
 
 
 
 



Haptic perception of volume and surface area 

 

32 

2.4.1  Method  
 
Nine right-handed subjects participated in this experiment (4 of them male, 5 
female; mean age 22 years), after they had provided written informed consent. 
None of them had participated in the previous experiments of this study. One of 
these subjects did not perform the required task, and therefore, it was decided to 
exclude her data from the analysis. 

The setup of this experiment was the same as that for the Experiment 1 block 
with mass cues. The main difference was the stimulus set. Whereas the stimuli in 
the previous experiments were solid objects, the ones used in this experiment were 
wire-frame objects. Furthermore, only tetrahedrons and cubes were used. The 
sphere could not be used because it does not have edges. The wire-frame objects 
were constructed by connecting tubes of stainless steel (diameters of 1.6 mm) to 
each other by corner elements. These were three short pieces of brass wire, which 
were placed in a fixture to braze them to each other with the proper angle. 
Subsequently, they were inserted into the tubes, which formed the edges of the 
objects (see Fig. 2.8). Due to manufacture by hand, not all edges were of exact 
length. However, this was not an obstacle, because the actual lengths were used for 
the analysis. Each edge of each stimulus was measured, and the volume of the 
objects was calculated by taking the average of the edge lengths for each stimulus. 
The volume

1 
of the set ranged from 2 to 13 cm

3
, and a small, medium, and large 

reference volume was used for each object. These references corresponded to the 
tetrahedron and cube references used in Experiment 1. The total mass of the 
individual objects in the set ranged from 1.09 to 3.12 g. The mass of the stimuli was 
determined by the total length of the tubes, the corner elements, and also the 
amount of brass that was used. This amount of brass and the length of the corner 
elements could differ independently of the volume of the objects. The difference in 
mass of subsequent volume stimuli was positive in only about half of the cases. 
Therefore, we doubt that the mass could be used accurately for the volume 
judgment.  

The experiment consisted of one session, lasting for approximately 40 min. The 
same procedure was used as during the mass conditions in Experiment 1. The 
present data were compared with those from both the mass and the no-mass 
conditions in Experiment 1.  

 



Chapter 2 

 

33 

 

 
Fig. 2.8 The stimulus set used in Experiment 3. 
 
2.4.2  Results  
 
Fig. 2.9 shows the average biases in each of the three reference conditions, 
measured with the wire-frame objects. The overall average bias of 69 % (SE = 16 
%) indicates that a tetrahedron is perceived to be much larger in volume than a cube 
of the same physical volume. The statistical analysis showed no significant effect of 
reference object (F1,7 = 7.7, p = 0.24). The effect of reference size was significant 
(F1,14 = 21, p < 0.001). Fig. 2.9 shows that the biases decreased when the size of the 
objects increases. A regression analysis with the size of objects being a continuous 
variable showed that this decrease was indeed significant (p < 0.05). The average 
discrimination threshold for this experiment was 1.1 cm

3 
(SE = 0.2 cm

3
). The 

discrimination threshold was similar for the two reference objects (F1,7 = 0.35, p = 
0.57), and it was not significantly influenced by the size of the references (p = 
0.09).  

                 
Fig. 2.9 Average biases for the comparison of wire-frame tetrahedrons and cubes. The 
dashed lines indicate the average biases in the Experiment 1 tetrahedron-cube mass and 
no-mass conditions (with the solid objects). The error bars represent the standard errors 
of the means.  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The dashed lines included in Fig. 2.9 represent the biases in the Experiment 1 
tetrahedron–cube mass and no-mass conditions. A comparison between Experiment 
1 and the present experiment could provide additional insight into the effect of 
surface area removal on haptic volume perception. The analysis showed that the 
mass and the no-mass biases measured with the solid objects were significantly 
smaller (F1,14 = 7.2, p < 0.05, and F1,14 = 5.8, p < 0.05) than the biases observed 
with the wire-frame objects, as can be seen in the figure. Hence, removal of surface 
area information resulted in an increase of the biases. The discrimination thresholds 
did not differ between the two experiments.  

In Experiment 1, we showed that the large volume biases could be explained by 
the dependence of volume perception on the surface area of objects. The biases 
measured with the wire-frame objects were also further analyzed to reveal the 
determining factor on which haptic volume comparison was based when objects 
without surface area information were handled. Fig. 2.10 shows the biases when the 
data were expressed in terms of six different factors. The first four factors were the 
same as those in Experiment 1. Two additional factors may also be relevant when 
exploring wire-frame objects by touch: the total edge length and the mass.  

The figure clearly demonstrates that the maximal distance between two vertices 
was the factor with the smallest biases. Consequently, this factor was apparently 
used to compare the volumes of differently shaped wire-frame objects. A one-
sample multivariate t-test showed that the biases expressed in terms of this maximal 
elongation did not differ significantly from zero (p < 0.05). Furthermore, the large 
bias and standard error for the mass factor reveal that mass information of the wire-
frame objects was indeed not used for the volume judgment.  
 
2.4.3  Discussion  
 
This last experiment in the present study demonstrated that removal of surface area 
does not result in a more accurate volume judgment. Instead, there is an overall 
increase of the biases. In contrast to the experiment with the solid objects, the biases 
for the wire-frame objects are also influenced by the size of the objects; they 
decrease when the size of the objects increases. Furthermore, the results showed 
that the maximal elongation of the objects seems to be used during volume 
comparison in cases in which no surface area information is available. This 
maximal elongation is defined as the greatest distance between two vertices and 
corresponds to the edge length of the tetrahedron and the length of the space 
diagonal of the cube (see Fig. 2.5). Hence, haptic volume perception is still not 
veridical even in the absence of the salient surface area information. 
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Fig. 2.10 The average biases for the volume data when wire-frame objects were used 
and the data were expressed in terms of the longest linear dimensions, radius of 
circumsphere, and surface area. The longest linear dimension was defined as the 
smallest distance between two parallel planes that can enclose the object (A) and the 
largest distance between two parallel planes that still contact the object (B). The surface 
area is the surface area as suggested by the wire-framed models. The edge length is the 
total length of all edges of an object, and the mass is the total mass of each object. The 
error bars represent the standard errors of the means.  
 
2.5   Conclusions  
 
The set of experiments presented in this article shows large effects of geometric 
shape on haptic volume perception of 3-D objects. Large biases are observed when 
the volumes of a tetrahedron, a cube, and a sphere are compared with each other. 
The average biases in the different conditions ranged from 7 % to  67 %. These 
biases seem to be caused by the subjects’ tendency to base the volume comparison 
on the surface area of objects, and not on their physical volume. Therefore, when 
one handles objects of the same physical volume, a tetrahedron is perceived to be 
larger in volume than both a cube and a sphere, and a cube is perceived to be larger 
in volume than a sphere. These conclusions extend the findings from a study by 
Krishna (2006), who used objects that differed mainly along their height-to-width 
ratio and who showed that the determining factor for volume perception is the 
width of objects. Furthermore, the volume biases decreased when mass information 
was available during the task—that is, when the objects were held unsupported in 
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the hand. The mass information was probably used as a second dimension in order 
to adjust the initial volume judgment.  

The present study is also the first one to show that one is able to match the 
surface area of 3-D objects by touch, almost irrespectively of their shape. This 
almost unbiased haptic perception of 3-D objects’ surface area differs from visual 
2-D area perception, which is influenced by the geometry of figures (e.g., Anastasi, 
1936; Anderson & Cuneo, 1978; Fisher & Foster, 1968; Warren & Pinneau, 1955).  

Finally, the present study demonstrates that biases during haptic volume 
perception increase when the surface area is removed by use of wire-frame objects. 
This suggests that, although surface area biases haptic volume perception when 
solid objects are used, perception is not improved by removal of this salient 
information. Haptic volume perception is still not veridical and is biased by other 
salient object properties, such as the maximal elongation of objects.  

Until now, haptic research has concentrated mainly on object properties, such as 
shape, length, and diverse material properties (see the review by Klatzky & 
Lederman, 2002). These dimensions are indeed important, but a complete 
understanding of the perception of objects requires investigation of all their 
properties. The present study makes a step in that direction by investigating haptic 
perception of volume and surface area, properties that have not been studied 
extensively until now. 
 
 
 
 
 
 
 
 
 
 
 
 
NOTE 
 
1. The volumes are in cm3. The bold numbers indicate the references.  

Nominal:    2      3      4      5      6      7      8      9      10      11      13 
Tetrahedron:        2.0   3.1   3.9   4.9   6.1   7.3   8.1   9.2   10.3   11.1   13.2 
Cube:         2.0   3.1   3.9   5.0   5.6   7.1   7.8   9.1   10.1   10.7   13.1 



 

CHAPTER 3 
 

Seeing and feeling volumes: The influence of shape on 
volume perception 

 
 
Abstract  
 
The volume of common objects can be perceived visually, haptically or by a 
combination of both senses. The present study shows large effects of the object's 
shape on volume perception within all these modalities, with an average bias of 36 
%. In all conditions, the volume of a tetrahedron was overestimated compared to 
that of a cube or a sphere, and the volume of a cube was overestimated compared to 
that of a sphere. Additional analyses revealed that the biases could be explained by 
the dependence of the volume judgment on different geometric properties. During 
visual volume perception, the strategies depended on the objects that were 
compared and they were also subject-dependent. However, analysis of the haptic 
and bimodal data showed more consistent results and revealed that surface area of 
the stimuli influenced haptic as well as bimodal volume perception. This suggests 
that bimodal volume perception is more influenced by haptic input than by visual 
information. 
 

 

 

 
 
 
 
 
 
 
 
M. Kahrimanovic, W. M. Bergmann Tiest, and A. M. L. Kappers (2010). Acta 
Psychologica 134: 385–390 
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3.1   Introduction 
 
Imagine that you have to select the larger of two differently shaped bottles, which 
physically do not differ a lot in size. Would you only look at them, would you 
solely explore them with your hands or would you use both senses at the same 
time? After the selection of your preferred exploration manner, what will be the 
effect of the bottles' shape on your decision? Studies have shown that visually 
perceived volume of cylindrical objects and rectangular prisms is positively 
influenced by the objects' elongation (e.g., Holmberg, 1975; Piaget, 1968; Raghubir 
& Krishna, 1999; Stanek, 1969; Wansink & Van Ittersum, 2003). Piaget 
hypothesized that children mainly focus their attention on the vertical dimension of 
the visual field. Therefore, they select a taller object as the one containing the larger 
volume, compared to a shorter object of the same physical volume. The remainder 
of these studies showed that the tendency to base the volume percept on elongation 
persists in adults.  

Krishna (2006) was the first one to study the elongation bias in the haptic 
modality. She asked subjects to compare a short glass to a taller one, each of about 
200 cm3, by vision or touch only, or bimodally. The results suggested that the 
elongation bias is merely a visual phenomenon, since a reversal of the bias was 
obtained in conditions with haptic cues alone, i.e., the shorter and wider glass was 
perceived as being larger. Another study on haptic perception of volume was 
conducted by Kahrimanovic, Bergmann Tiest and Kappers (2010a). In the first 
experiment of that study, we investigated haptic perception of volume with stimuli 
that differed along more geometric dimensions than merely the height-to-width 
ratio. For these stimuli, the volume judgment was mainly influenced by the objects' 
surface area. Hence, the reversed elongation effect observed during Krishna's haptic 
conditions cannot be generalized to these more complex objects.  

Some previous studies suggested that generalization of the elongation effect is, 
however, possible for visual volume perception (Frayman & Dawson, 1981; Lauer, 
1929; Stanek, 1968). These studies were conducted with objects such as prisms, 
cubes, tetrahedrons and spheres. The main conclusion was that objects that tower 
above the other objects are perceived as being larger in volume. Although these 
stimuli resemble those used in our previous study on haptic volume perception, the 
results cannot be compared directly. The underlying reason for this can be found in 
the methods that were used. In our previous study, subjects had to compare 
tetrahedrons, cubes and spheres directly to each other. In contrast, the other studies 
used either magnitude estimation within shapes or only a comparison relative to a 
cube. This difference in methodology may result in differences in the results.  

Finally, bimodal volume perception is studied even less. The study by Krishna 
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(2006) was the only one to focus on this area of research. As mentioned previously, 
she observed the occurrence of the elongation bias during bimodal perception of 
volume and concluded that vision dominates touch. Recall that she used two simple 
glasses as stimuli and studies that investigate bimodal volume perception for the 
more complex geometric stimuli do not exist. The purpose of the present study is to 
give more insight into the effects of geometric shape on volume perception across 
different modalities. Visual and bimodal volume judgments of tetrahedrons, cubes 
and spheres will be measured. These measurements will be compared to the shape 
effects on haptic volume judgments, already measured in our previous study 
(Kahrimanovic et al., 2010a). Thereby we will demonstrate how haptic and visual 
geometric information is processed unimodally as well as how it is combined. 
 
3.2   Methods 
 
Subjects 
A total of 16 students from Utrecht University were divided into two groups. One 
half of these subjects participated in the visual conditions (5 female and 3 male, 
mean age 21 years). The other 8 subjects were assigned to the bimodal conditions 
(5 female and 3 male, mean age 21 years). A between-subjects design was preferred 
over a within-subjects design, because information obtained during the first 
modality condition could be expected to interfere with the judgments made during 
the following modality conditions, since we used exactly the same stimuli and 
procedure for all modalities. Even if the modality conditions were counterbalanced 
this still could be a relevant confounding factor. Note that the subjects from the 
present study did not participate in our previous study on haptic volume perception. 

All the participants were right-handed, as established by Coren's handedness 
questionnaire (1993). They had normal or corrected-to-normal vision and their 
stereoacuity ranged between 15 and 60 arcsec (as recorded by TNO test for 
stereoscopic vision, 1972). All subjects were naïve as to the purposes of the 
experiment and they were paid for their participation. Before starting the first 
session of the experiment, they provided written informed consent. 

 
Stimuli 
Tetrahedrons, cubes and spheres were used as stimuli (see Fig. 3.1 for an example). 
These stimuli were the same as those used in the first experiment of our previous 
study (Kahrimanovic et al., 2010a). They were made of brass and their volumes 
ranged from 2 to 14 cm3, in steps of 1 cm3. A cylindrical hole, with a diameter of 2 
mm, was made in the center of one plane of each stimulus, in such a way that the 
stimuli could be presented on stands. The stands were placed on two discs. A 
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handle was attached to each disc, creating the possibility to rotate the stimuli during 
the visual conditions. 
 
Conditions 
For each modality, the experiment consisted of 9 conditions; 3 object pairs 
(tetrahedron-sphere, tetrahedron-cube, cube-sphere) and 3 object sizes (small, 
medium, large). With the different object sizes we could investigate if the effect of 
shape on volume perception remains constant along the stimulus range. It was 
necessary to select the object sizes appropriately, since the stimulus range was 
limited and ceiling effects had to be prevented. Furthermore, with an appropriate 
selection of the references we could ensure that two different objects are matched to 
each other independently of which object was used as the reference. For example, if 
a reference tetrahedron of 2 cm3 is matched to a sphere of 4 cm3, then a reference 
sphere of 4 cm3 should be matched to a tetrahedron of 2 cm3. Pilot experiments, 
performed only in a haptic condition, showed that a tetrahedron was matched to 
both a larger cube and a larger sphere and that a cube was matched to a larger 
sphere. For these reasons, the selected tetrahedron reference should be smaller than 
the cube and the sphere reference, and the cube references should be smaller than 
the sphere reference. In the present experiment, the reference object sizes were for 
the tetrahedrons 3, 5 and 7 cm3, for the cubes 4, 6 and 8 cm3, and for the spheres 5, 
7 and 9 cm3. 

The conditions were performed within 3 sessions. Object pair was randomized 
between sessions and object size was performed randomly within sessions. For each 
combination of object pair and object size, each shape was the reference stimulus

 
Fig. 3.1 Example of the stimuli on stands. The stimuli could be rotated by the handles 
attached to the discs. 
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in half of the trials and test in the remainder. For each reference, 35 trials were 
performed, resulting for each subject in a total of 210 trials per session and 630 
trials for the complete experiment. On average, 3 h per subject were needed to 
perform all the conditions. 
 
Procedure 
For each trial, a test and a reference stimulus were placed on 10 cm high stands 
located on two tables (Fig. 3.1). The two stimuli were never visible simultaneously. 
The subject was seated on a chair. The horizontal distance between the back of the 
chair and the center of the stimulus was 60 cm. The height of the chair could be 
adjusted in such a way that the vertical distance between the subjects' eyes and the 
disk on which the stand was fixated was 50 cm. Subjects could rotate the chair in 
order to bring each of the two stimuli subsequently into their visual field of view. 

During the visual conditions, subjects first explored the stimulus at their right 
hand side, and then rotated to the left to explore the stimulus at their left hand side. 
After exploration, they indicated which of the two stimuli was larger in volume. 
The subjects had the opportunity to rotate the stimuli by the handles attached to the 
disks, in order to be able to view all sides of the stimulus. Observations showed that 
the stimuli were rotated most frequently during the first trials of each session. The 
reason that subjects had no need for a continuous rotation of the objects could be 
the fact that all objects were symmetrical and that a view of one part of the object 
was sufficient for a representation of the whole object. 

During the bimodal conditions, the subjects could use both visual and haptic 
information simultaneously. In order to obtain volume information visually, the 
subjects were instructed to look at the stimuli. For the haptic exploration, they were 
instructed to enclose the stimuli, since that has been shown to be the stereotypical 
exploratory procedure for haptic volume judgment (Lederman & Klatzky, 1987). 
The experimenter observed the subjects during the sessions, in order to make sure 
that they were viewing and touching the stimulus at the same time. As for the visual 
conditions, the task during the bimodal conditions was also to indicate which 
stimulus had a larger volume.  

The period of exploration was not restricted. However, the subjects were 
instructed to perform the task as fast and as accurate as possible. Therefore, the 
exploration time was often just a few seconds. Furthermore, they were not allowed 
to return to the first stimulus (to explore it again), after having started the 
exploration of the second stimulus. 

 
Data collection 
The data were collected by way of a computer-driven 1-up-1-down staircase 
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procedure. For each object pair by object size combination, two staircases were 
intermingled, each starting at one end of the stimulus range, i.e., at 2 and 14 cm3. 
For each combination the fraction was calculated with which the subject selected 
the test stimulus to be larger in volume compared to the reference stimulus. This 
calculation was performed for all test volumes. A cumulative Gaussian distribution 
(f) as function of the volume (x) was fitted to the data with the maximum-likelihood 
procedure (Wichmann & Hill, 2001), using the following equation: 
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where σ is a measure of the discrimination threshold, and µ a measure of the Point 
of Subjective Equality, PSE. 
 
Data analysis 
Relative biases were calculated from these data. For each matched object pair 
(tetrahedron-sphere, tetrahedron-cube and cube-sphere), the volume of the object 
mentioned first was subtracted from that mentioned second and expressed as a 
percentage of the volume of the object mentioned first. These relative biases were 
used for the statistical analysis. A two-within (object pair and object size, both with 
three levels), one-between (modality, three levels) analysis of variance was 
performed. The data consisted of the visual and bimodal data collected during the 
present experiment, together with the haptic data from the Experiment 1 no-mass 
condition of the Kahrimanovic et al. study (2010a). In this previous study on haptic 
volume perception, the same stimuli as those used in the present study were 
presented on stands and blindfolded subjects compared their volumes by enclosure 
of the objects. Large effects of shape on volume perception were observed. Average 
biases of 63 %, 28 % and 32 % were obtained in the tetrahedron-sphere, the 
tetrahedron-cube and cube-sphere comparisons, respectively. Analyses were 
performed on these data in order to reveal which object property was mainly 
involved in the occurrence of these perceptual biases. The data set was expressed in 
terms of the largest and smallest linear dimension, the circumsphere radius and the 
surface area of objects. We were interested in which of these values would result in 
the smallest biases. If the data expressed in any of the different parameters did not 
show significant biases, then it would be reasonable to assume that the objects were 
matched according to that corresponding dimension, although the task was to 
compare the objects according to their volumes. The results showed that the surface 
area was the main factor on which haptic volume perception was based. 

The same analysis of the influence of geometric properties was also performed 
on the visual and bimodal data from the present study. The data were expressed in 
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terms of five different quantities. The first three factors were the same as those used 
before to analyze the haptic data. In the present experiment, these factors may be 
especially relevant for the bimodal conditions, in which the stimuli were viewed 
visually and at the same time perceived haptically by enclosure. During enclosure, 
the volume judgment may be biased by the distance between two points (Krishna, 
2006), the radius of circumsphere, or the surface area of an object (Kahrimanovic et 
al., 2010a). The influence of the same factors on visual volume perception was 
studied as well. In that condition, especially the elongation could be important (e.g., 
Frayman & Dawson, 1981; Stanek, 1969). In addition to these factors, we included 
two factors that describe some purely visual properties on which the visual and/or 
bimodal volume judgment may be based. Instead of the overall surface area, a more 
relevant visual property may be the projected area (i.e., the silhouette), as suggested 
by Van Veen, Kappers, Koenderink, and Werkhoven (1996). Another related visual 
cue is the surface area that is visible when an object is viewed from a particular 
viewpoint. In sum, we analyzed the possible contribution of the following factors: 
1. Linear dimension defined as: 

A. Smallest distance between two parallel planes that can enclose the object. 
This equals the height of the tetrahedron, the edge length (corresponding to the 
height) of the cube, and the diameter of the sphere. 

B. Largest distance between two parallel planes that still contact the object. This 
equals the edge length of the tetrahedron, the space diagonal of the cube, and the 
diameter of the sphere. 
2. Circumsphere-radius. This is the radius of the smallest sphere that can contain 
the geometric object. 
3. Total surface area. 
4. Visible area: maximal and minimal. These are the theoretically minimal and 
maximal surface areas of the visible part of a three-dimensional object when viewed 
from a particular viewpoint. 
5. Area of silhouette: maximal and minimal. These are the theoretically minimal 
and maximal projected areas of the objects. Projected area can be defined as the 
two-dimensional area of a three-dimensional object when its shape is projected onto 
a plane. 
  
3.3   Results 
 
Fig. 3.2 shows the perceptual biases for the different object pairs in the three 
different modalities. The data for the object sizes are taken together, since this 
variable showed no significant effects (F2,42 = 2.0, p = 0.15, ηp

2 = 0.09). The 
positive biases indicate that the volume of a tetrahedron was overestimated 
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Fig. 3.2 The average biases for the object pair by modality visual and bimodal 
conditions compared to the haptic no-mass data from Kahrimanovic et al. (2010a). The 
error bars represent the standard errors of the mean. The symbols represent their 3-D 
counterparts. 
 
compared to that of a cube and a sphere of the same physical volume, and that the 
volume of a cube was overestimated compared to a sphere. The main effect of 
object pair was significant (F2,42 = 23, p < 0.001, ηp

2 = 0.52). Bonferroni adjusted 
pairwise comparisons showed that the largest biases occurred in the tetrahedron-
sphere comparison, which differed significantly (p < 0.001) from the tetrahedron-
cube and cube-sphere biases. These last two did not differ significantly (p = 0.9). 
The overall average biases for the haptic, visual and bimodal conditions were 41 % 
(SE 3 %), 43 % (SE 10 %) and 24 % (SE 6 %), respectively. The ANOVA revealed 
that these biases measured in the three modality-conditions did not differ 
significantly (F2,21 = 2.1, p = 0.15, ηp

2 = 0.17). No significant interactions were 
found.  

The analysis of the influence of geometric properties on volume perception 
revealed first of all that the circumsphere-radius, the visible area and the area of 
silhouette are not the factors on which the visual or the bimodal volume judgments 
were based. Biases expressed in terms of these values were still large: the average 
absolute values of the biases for these factors were at least 27 %, with an overall 
average of 36 % (SD 8 %). The other factors (i.e., the linear dimensions and the 
surface area) showed smaller biases and were therefore analyzed in more detail. 

Fig. 3.3 shows the individual volume biases and the biases expressed in terms of 
linear dimensions A and B and in terms of the surface area. The first panel shows 
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the biases that occurred during haptic volume perception, as measured in the first 
experiment of our previous study (Kahrimanovic et al., 2010a). As the figure 
shows, and as has been concluded in that study, the smallest biases are consistently 
observed when the data were expressed in terms of surface area. The average 
volume bias of 41 % was only −4.5 % when expressed in terms of surface area. 

The analysis of the visual data revealed that none of the three factors could 
consistently explain the biases. Exploration of the individual data suggested that the 
subjects could be divided into two different groups: four subjects showed large 
perceptual volume biases (average bias of 114 %, 60 % and 34 % for the 
tetrahedron-sphere, tetrahedron-cube, and cube-sphere conditions, respectively), 
while the other four subjects showed much smaller biases (30 %, 22 % and 4 % for 
the different conditions). In each object pair condition, the biases of the first four 
subjects were all larger than the average bias, while the biases of the other four 
subjects were systematically smaller than the average. All together, this indicated 
that the two groups are significantly different and, therefore, additional analysis is 
performed for the two groups separately. The data are shown in the second panel of 
Fig. 3.3. The figure demonstrates that the main determining dimension for visual 
volume perception differed between subjects and depended on the specific objects 
that were compared. For example, for the tetrahedron-cube comparison, the 
smallest biases are observed when the data of the first group were expressed in 
terms of linear dimension B. However, the smallest bias in that condition for the 
second group was observed when the data were expressed in terms of surface area. 
An interesting observation is that responses of some subjects in the second group 
were quite unbiased, i.e., the volume biases were very small. This is especially the 
case in the cube sphere comparison. 

The last panel of Fig. 3.3 shows the bimodal data. The analysis showed that, on 
average, the smallest biases occurred when the data were expressed in terms of 
surface area, resulting in an average bias of −11 %, which is a relatively small bias. 
 
3.4   Discussion 
 
The data from the present experiment showed that neither visual nor bimodal 
volume perception of 3-D objects is veridical and that both result in large 
perceptual biases. We demonstrated that in both modalities, the volume of a 
tetrahedron was (on average) overestimated compared to the volume of a cube or a 
sphere, and the volume of a cube was overestimated compared to that of a sphere. 
These overestimations were consistent for the different object sizes. The biases in 
the present experiments are in the same direction as the already measured haptic 
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Fig. 3.3 The individual relative biases in each object pair for the three different 
modalities. The first panel shows the haptic data measured in Kahrimanovic et al. 
(2010a). The subjects in the second panel are divided into two groups as described in 
the text. The subjects in each modality condition are ordered from the subject with the 
largest bias to the one with the smallest bias in the tetrahedron-sphere condition. The 
bars in the chart that are highlighted black indicated, for each subject, the smallest bias 
in that condition. Note that some biases are so small that the bar is almost invisible. The 
vertical arrows at the top of each chart indicate the factor that results in the smallest 
average bias in that particular condition. V: volume, EA: elongation A, EB: elongation B, 
SA: surface area (see text for explanation). The 2-D symbols along the categorical axis 
stand for their 3-D counterparts.   
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volume biases (Kahrimanovic et al., 2010a). The main difference can be found in 
the large between-subjects variance in the visual and bimodal data compared to the 
small variance in the haptic data. This variability cannot be due to differences in the 
experimental design, since the design was the same for the three modalities (i.e., the 
same stimuli, number of trials and number of subjects). The difference between the 
modalities is probably caused by different strategies used to explore the stimuli. It 
seems that the strategy used to judge the volume haptically is more consistent 
among subjects than the one used during visual and bimodal volume judgment. 

The analysis of the influence of geometric properties on visual and bimodal 
volume perception showed some interesting findings. First of all, the visual data 
could not be explained by the purely visual dimensions, such as visible area or area 
of silhouette. This result is in accordance with a study by Van Veen et al. (1996). In 
three experiments, they measured visual volume discrimination thresholds of 
motion-defined objects presented on a computer monitor. The first two experiments 
were conducted with human observers. They showed that Weber's law can describe 
volume discrimination performance and that the Weber fractions depended on the 
particular combination of shapes. The Weber fractions increased, i.e., the task 
became more difficult, with a decrease of the regularity of objects (e.g., a regular 
cube versus an irregular object with different length-width- height ratios). In the 
third experiment, Van Veen et al. designed an algorithm to investigate whether the 
projection of the objects area (comparable to the area of silhouette in the present 
experiment) could be used to estimate volume. They argued that projected area is 
related to surface area, and that surface area is related to volume. Furthermore, they 
hypothesized that, for an observer, it might be easier to estimate projected area than 
to estimate volume directly. However, from their results, they concluded that 
projected area is not sufficient to describe human performance in volume 
discrimination tasks. Our results support and extend this conclusion by showing that 
the 2-D cue is also not used for volume perception of real 3-D objects. 

Another interesting observation is the lack of a general elongation effect during 
visual volume perception. This contrasts with results from previous studies that 
repeatedly state that the influence of shape on visual volume perception depends 
upon the relative elongation of the vertical dimension (e.g., Frayman & Dawson, 
1981; Krishna, 2006; Lauer, 1929; Stanek, 1968, 1969; Wansink & Van Ittersum, 
2003). From our results, we can conclude that the occurrence of this elongation 
effect may depend on the subject's strategies and on the specific objects that are 
compared. First of all, we observed the presence of two distinct groups. Some 
subjects were highly biased by the shape of the objects, and their volume judgments 
were mainly influenced by the elongation. The other group of subjects was less 
biased by the shape and the elongation of the objects. Secondly, when the 
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elongation was a clear difference between the two objects, e.g., for a tetrahedron-
sphere comparison, it had a strong influence. However, when this was not the case, 
e.g., for a cube-sphere comparison, the elongation had a smaller effect on the 
judgment. This observation can be related to previous studies, in which the stimuli 
often differed mainly along the vertical dimension. For example, subjects had to 
compare a cube to a right square prism with varying height (Stanek, 1969), or a tall 
glass to a short glass of the same volume (Wansink & Van Ittersum, 2003). It is not 
surprising that in these studies the elongation showed to be the main factor that 
influences the volume percept. Frayman and Dawson (1981) and Stanek (1968) 
used objects similar to our stimuli, and also concluded that elongation is the main 
determinant for visual volume perception. However, they did not report about any 
analysis of the influence of other possible dimensions. Another important difference 
between these studies and the present study is the way of stimulus presentation. The 
study first mentioned was performed by way of magnitude estimation. Hence, the 
differently shaped objects were never compared directly to each other, which is not 
easily comparable to our methods. In Stanek's study, on the other hand, the standard 
object and the 10 comparison cubes were presented on a table at the same time. The 
comparison cubes were arranged from smallest to largest and placed at a distance of 
1 m from the subject. The standard object was presented between the subject and 
the center of the comparison series. Within this setup, the influence of elongation 
on volume perception may be increased by the ease with which it becomes apparent 
that an object ‘towers’ above the others. In our study, presenting the objects 
sequentially may reduce the salience of this linear dimension and may direct 
attention more towards the global representation of the objects. 

In addition to the visual data, the present study demonstrated that significant 
biases occurred also during bimodal volume perception. The analysis of the 
bimodal data revealed that, in general, the surface area of the 3-D objects has the 
largest influence on the bimodal volume judgment. We can conclude this from the 
fact that expressing the bimodal data in terms of surface area values resulted in the 
smallest average biases in all three object-comparison conditions. In the previous 
study (Kahrimanovic et al., 2010a), we already showed that this factor was also the 
main determinant for haptic volume perception. In contrast, the visual data could 
not be explained by the surface area factor. This finding suggests that haptically 
important features are also the most influential features for bimodal volume 
perception. This can be related to results from previous studies concerning the 
effect of size on weight perception in different modalities. Pick and Pick (1967) and 
Ellis and Lederman (1993) showed that the magnitudes of the haptic and the 
bimodal size-weight illusion are more similar to each other than to the magnitude of 
the purely visual size-weight illusion. This resembles our finding that the haptic and 
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bimodal conditions share a common main determining factor. However, as the 
difference in elongation between two objects increases, as for the tetrahedron-cube 
and tetrahedron-sphere conditions, the influence of the elongation factor on the 
bimodal volume judgment also increases. This becomes clear when we examine the 
individual bimodal data, which show that for several subjects the biases in some 
conditions are the smallest when the data were expressed in terms of the linear 
dimensions. The single other study on bimodal volume perception, the one by 
Krishna (2006), showed that visual input dominates the bimodal volume judgment. 
The fact that no overall visual dominance is observed in the present study could be 
attributed to the size of the stimuli. The stimuli used by Krishna were larger than 
the stimuli in the present study. Our stimuli could fit in the hand, thereby causing 
the surface area to become a salient factor during bimodal exploration, and this 
factor may therefore determine the bimodal volume judgment. 

Taken all together, the present research sheds new light on volume perception 
within different modalities and questions the generalization of some results from 
previous studies. 
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CHAPTER 4 
 

Bimanual volume perception of 3-D objects 
 
 
 
Abstract  
 
In the present study, blindfolded subjects had to explore differently shaped objects 
with two hands and to judge their volume. The results showed a significant effect of 
the shape of objects on their perceived volume. Additional analysis showed that this 
effect could not be explained by the subjects’ tendency to base the volume 
judgment on a specific object dimension other than the volume itself. This contrasts 
with the results from previous studies, which used cylindrical objects or objects that 
could fit in one hand, in which the effect of shape on volume perception could be 
explained by the height/width ratio or the surface area of objects, respectively. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
M. Kahrimanovic, W. M. Bergmann Tiest, and A. M. L. Kappers (2011). In: C. 
Basodogan, S. Choi, M. Harders, L. Jones and Y. Yokokohji (eds.), IEEE World Haptics 
Conference 2011, 445-450.  
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4.1   Introduction 
 
A large part of the actions that we perform during the day require an adequate 
estimation of the size of the objects that we encounter and want to manipulate; e.g. 
grasping a cup, catching a ball, selecting the largest apple from the fruit bowl. 
Despite the frequency of these actions, judging the volume of a 3-dimensional 
object is not always as easy as it may seem to be. The perceived volume of an 
object is not only determined by the object’s physical volume, but it may be 
influenced by other object properties as well. A number of studies have focused on 
the influence of the shape of objects on their perceived volume. When human 
observers explore two cylindrical objects of the same physical volume, but the one 
being taller than the other, they will perceive the volume of the cylinders as being 
dissimilar. In situations in which the objects were explored visually or bimodally 
(vision + touch), studies have shown that the taller object was perceived as being 
larger in volume than the relatively smaller object (Frayman & Dawson, 1981; 
Holmberg, 1975; Piaget, 1968; Raghubir & Krishna, 1999; Stanek, 1968, 1969; 
Wansink & Van Ittersum, 2003). On the other hand, when objects were explored by 
touch only, the relatively taller object was perceived as being smaller in volume 
(Krishna, 2006). It has been suggested that this effect of shape on volume 
perception occurred because the volume percept tended to be influenced by the 
most salient dimension of the object. The height of the objects may be salient for 
the visual sense and influenced the visual volume percept, while the width of the 
objects may be salient during haptic exploration and was therefore the influential 
factor for haptic perception of volume. 

The effect of shape on volume perception is not only present with those 
cylindrical objects, which differ only in the height-width ratio. Kahrimanovic et al. 
(2010a) used sets of tetrahedrons, cubes and spheres as stimuli and asked 
blindfolded subjects to discriminate the volume of two differently shaped objects. 
The results showed that a tetrahedron was perceived as being larger in volume than 
a cube and a sphere of the same physical volume, and that the cube was perceived 
as being larger than the sphere. The volume biases, i.e. the tendency to over- or 
underestimate the volume of an object, were large with an overall average bias of 
31 %. In order to understand these biases, the authors examined whether the 
occurrence of the biases could be explained by the subjects’ tendency to base the 
volume judgment not on the volume itself but on other, maybe simpler, object 
dimensions. The analysis showed that the haptic volume percept was mainly 
determined by the surface area of the objects. Hence, when subjects were asked to 
explore two differently shaped objects of equal physical volume and to select the 
one that they perceive as being larger in volume, they would indicate the object 
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with a larger surface area as being larger in volume compared to the object with the 
smaller surface area. This finding may be related to the cutaneous stimulation that is 
received when solid objects are explored haptically. Cutaneous stimulation caused 
by the surface area of the objects is probably quite salient during enclosure of the 
objects, and that may be the reason for the tendency to base the volume percept on 
the surface area instead of on the volume itself.  

The objects in the Kahrimanovic et al. (2010a) study were relatively small, with 
volume ranging between 2 and 14 cm3, and they could be enclosed in one hand. 
However, a large number of objects that we explore in daily life are larger than 
those small stimuli. Because of their size, it would be more natural to explore these 
larger objects with two hands instead of one. The main question in the present study 
is whether the effect of shape on volume perception will still be present when 
exploring large objects bimanually. If an effect is found, the second question will be 
concerned with the origin of the effect, i.e. whether the volume is misjudged 
because it is based on other object dimensions, like height/width or surface area.    
 
4.2   Methods 
 
Subjects 
A total of 10 subjects (5 male, 5 female), with a mean age of 22 years (SD 2 years), 
participated in the present study. They were all right-handed as tested by Coren’s 
handedness test (Coren, 1993). The subjects were all students at Universiteit 
Utrecht. They were paid for their participation and they provided informed consent. 
 
Stimuli 
Sets of tetrahedrons, cubes and spheres were used as stimuli. They were made out 
of a synthetic, post-cured board material on a polyurethane base (Ebaboard S-1) and 
were manufactured on a computer controlled milling machine.  Each object set 
consisted of fourteen objects with volume ranging between 240 and 500 cm3, in 
steps of 20 cm3. The density of the material at 20˚C is 0.70 ± 0.02 g/cm3. The 
weight of the objects correlated with the volume of the objects. However, during 
the experiment no information was provided about the relationship between volume 
and weight. Fig. 4.1 shows the objects. 
 
Conditions 
The experiment consisted of three object pair conditions: tetrahedron-cube, 
tetrahedron-sphere and cube-sphere. Each object pair condition consisted of 40 
trials. At each trial, subjects had to compare the volume of a reference stimulus to 
the volume of a test stimulus. Each of the three different objects was the reference 
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Fig. 4.1 The sets of tetrahedrons, cubes and spheres that were used as stimuli. The 
objects are ordered, from top to bottom and from right to left, from the object with the 
largest volume to the one with the smallest volume 
 
in one half of the trials and test in the other half. The order of the reference and the 
test stimuli was randomized within each condition. The stimulus range was fixed 
and therefore the reference had to be selected appropriately in order to obtain an 
adequate range of test stimuli. This selection was based on pilot studies, which 
showed that a tetrahedron was perceived as being larger than a cube and a sphere, 
and that a cube was perceived as being larger than a sphere. Therefore, the selected 
tetrahedron reference should be smaller than the cube and the sphere reference, and 
the selected cube reference should be smaller than the sphere reference. 
Consequently, the reference volumes were 320 cm3 for the tetrahedron, 360 cm3 for 
the cube and 400 cm3 for the sphere. 
 
Procedure 
The stimuli were kept out of view of the subjects before and during the experiment. 
After providing informed consent, the subjects were blindfolded and seated 
themselves behind a table. They were asked to place their hands next to each other, 
with the elbows resting on the table and the hand palms facing upwards. At the start 
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of each trial, the experimenter placed the first stimulus in the hands of the subject. 
The subject was asked to explore the stimulus and to focus on its volume. 
Exploration was not restricted, except that the subjects were required to use two 
hands for the exploration (see Fig. 4.2). Furthermore, the period of exploration was 
not restricted but the stimulus could not be explored again once the subject had 
indicated that he/she was finished with the exploration and that the stimulus could 
be removed. After exploration of the first stimulus, the stimulus was replaced by the 
second comparison stimulus, which had to be explored in the same way as the first 
one. Finally, the subject was asked to judge which of the two stimuli was larger in 
volume. 
 
Data collection 
The stimuli were presented by means of a computer driven one-up-one-down 
staircase procedure. The data for each reference were collected during 40 trials, 
with two staircases intermingled and each starting at one side of the stimulus range: 
one at 240 cm3 and one at 500 cm3. This number of trials was enough to reach a 
constant threshold level. For an example of the staircase see Fig. 4.3. The three 
object pair conditions, with two references per condition, were performed within 
one session, with a short break between the different conditions. Each object pair 
condition lasted for about 25 min per subject. 

    
Fig. 4.2 Subject during the exploration of a tetrahedron. The volume of this 
tetrahedron was 380 cm3. 
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Data analysis 
For all combinations of references and test volumes, we calculated the fraction of 
times that the test stimulus was selected to be larger in volume than the reference 
stimulus. Subsequently, for each reference data set, a cumulative Gaussian 
distribution as a function of the volume was fitted to the data with the maximum-
likelihood procedure, with the following equation; 
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where σ is a measure of the discrimination threshold and µ represents the volume at 
which 50 % of the time the test stimulus was selected to be larger in volume than 
the reference (see Fig. 4.3). The value that is found for the µ indicates the volume of 
the test stimulus that was perceived to be equivalent to the volume of the reference 
stimulus, also known as the point of subjective equality (PSE).  

From these data, we calculated relative biases in the same way as has been done 
previously in the study on unimanual volume perception with small objects. For 
each matched object pair (i.e. tetrahedron-cube, tetrahedron-sphere and cube-
sphere) the volume of the object mentioned first was subtracted from that 
mentioned second and expressed as a percentage of the volume of the first 
mentioned object. Consequently, a positive bias indicates that a tetrahedron is 
perceived as being larger in volume than the sphere and the cube, and that the cube 
is perceived as being larger in volume than the sphere. 

 

 
Fig. 4.3. Example of a staircase (left) and the corresponding psychometric curve 
(right), in a tetrahedron-sphere condition with the sphere as reference. The horizontal 
and vertical lines at 400 cm3 indicate the volume of the reference stimulus. The dashed 
lines indicate the point of subjective equality. The two intermingled staircases in the 
figure on the left are distinguished by their colors. 
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4.3   Results 
 
4.3.1  Biases 
 
The data revealed that on average the tetrahedron of 320 cm3 was perceived as 
being equal in volume to a cube of 355 cm3 and to a sphere of 390 cm3 (absolute 
bias of 35 cm3 and 70 cm3 respectively); the cube of 360 cm3 was perceived as 
being equal to a sphere of 395 cm3 and to a tetrahedron of 323 cm3 (absolute bias of 
35 cm3 and 37 cm3 respectively); and finally the sphere of 400 cm3 was perceived as 
being equal to a tetrahedron of 332 cm3 and a cube of 369 cm3 (absolute bias of 68 
cm3 and 31 cm3 respectively).  

In order to illustrate more clearly the strength of the influence of shape on 
volume perception, relative biases were calculated from these PSEs. For each object 
pair condition, the data from the two different references were taken together. This 
was justified first of all because no differences were expected between these biases. 
Second, for none of the object pairs a significant difference between the biases 
observed with the two different references was shown by the performed pairwise 
comparisons (p > 0.05). In this way, for each subject we had three relative biases; 
one for each object pair comparison. These relative biases are presented in the left 
part of Fig. 4.4. Comparing a tetrahedron to a sphere resulted in an average bias of 
22 % (SE 5 %) and comparing it to a cube in a bias of 12 % (SE 4 %). A 
comparison between the cube and the sphere resulted in an average bias of 8 % (SE 
5 %). One sample t-tests showed that the tetrahedron-sphere and the tetrahedron-
cube biases were significantly different from 0 (p < 0.01), but that the cube-sphere 
bias was not significantly different from 0 (p = 0.14). Furthermore, a repeated 
measured ANOVA with object pair as the within subjects factor revealed a 
significant main effect of shape (F2,18 = 3.6, p < 0.05). Post hoc paired comparisons 
showed that there was only a significant difference between the tetrahedron-sphere 
and the cube-sphere bias (p < 0.05, Bonferroni-corrected for multiple comparisons); 
the tetrahedron-sphere bias was significantly larger than the cube-sphere bias.  

The data in the left part of Fig. 4.4 suggest that the sum of the tetrahedron-cube 
bias and the cube-sphere bias will result in the tetrahedron-sphere bias. This could 
be understood as follows: if, for example, a tetrahedron of 320 cm3 is perceived as 
being equal to a cube of 355 cm3, and this cube of 355 cm3 is perceived as being 
equal to a sphere of 390 cm3, then consequently the tetrahedron of 320 cm3 and the 
sphere of 390 cm3 will be perceived as equal, if individual subjects perform 
consistently between conditions. In order to test this, the calculated biases (i.e. the 
absolute biases in cm3 for the tetrahedron-cube added to the absolute bias from the 
cube-sphere conditions and expressed in terms of the tetrahedron reference) were 
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correlated with the measured tetrahedron-sphere biases. The data for the ten 
subjects are plotted in the right part of Fig. 4.4. Pearson’s correlation analysis 
showed a moderate correlation between the calculated and the measured bias (r = 
0.75, p < 0.05).  

 
Fig. 4.4. Left: The average relative biases in the three object pair conditions, with 
standard errors of the mean indicated by the error bars. The 2-D symbols along the 
horizontal axis represent their 3-D counterparts.  Right: The sum of the tetrahedron-
cube and the cube-sphere bias is plotted on the horizontal axis and the tetrahedron-
sphere bias as measured in the present experiment is plotted on the vertical axis. The 
solid line indicates the perfect correlation. The r indicates the Pearson’s correlation 
coefficient for the present data set.   
 
4.3.2  Discrimination thresholds 
 
In addition to the biases, discrimination thresholds could also be derived from the 
psychometric curves. These thresholds are related to the steepness of the curves, 
and indicate the subjects’ sensitivity to perceive volume differences. The average 
discrimination thresholds were 45 cm3 (SE 6 cm3), 43 cm3 (SE 4 cm3) and 45 cm3 
(SE 4 cm3) for the tetrahedron-sphere, tetrahedron-cube and cube-sphere 
conditions, respectively. The thresholds in the different condition were not 
significantly different (F2,18 = 0.05, p = 0.95). A comparison between the magnitude 
of the thresholds and the magnitude of the absolute biases revealed that the bias was 
larger than the threshold in 21 out of the 30 cases (subject × object pair condition). 
The fact that the biases are larger than the thresholds indicates that the biases were 
of substantial magnitude. 
 
4.3.3  Influence of geometric properties 
 
In order to understand the origin of the biases, we can question whether the 
overestimation of the volume of one object compared to the volume of another 
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object occurs because subjects tend not to compare the objects according to their 
physical volume but according to another specific object dimension, e.g. largest 
linear dimension or surface area. If the data expressed in a specific dimension do 
not show significant biases, then it would be reasonable to assume that the objects 
were matched according to that dimension, although the task was to compare the 
objects according to their volumes. This analysis was performed for four different 
values: 1) linear dimension A (smallest distance between two parallel planes that 
can enclose the object), 2) linear dimension B (largest distance between two parallel 
planes that still contact the object), 3) circumsphere radius (radius of the smallest 
sphere that can contain the geometric object), and 4) surface area (the total surface 
area of the object). These dimensions are the same as in the paper on the influence 
of shape on volume perception of small objects (Kahrimanovic et al., 2010a). Fig. 
4.5 shows the average data expressed in terms of these four object dimensions. As 
can be seen in the figure, the average biases are still large, or even larger than when 
the data are expressed in terms of volume.  

From this, we can conclude that none of these dimensions could account for the 
volume biases measured in the present experiment. In addition to these average 
biases, an analysis of the individual data could reveal whether different subjects 
based their judgments on different object dimensions; a pattern that could not be 
observed with the average data, as presented in Fig. 4.5. Examination of the 
individual data showed no obvious differences between subjects for the comparison 
of volume with the factors linear dimensions or circumsphere radius. For all 
subjects, the biases expressed in terms of these factors were larger that expressed in 
terms of volume. For the surface area, there are 4 subjects for whom expression of 
the data in terms of surface area resulted in smaller biases compared to expressing 
the data in terms of volume (subjects 1-4; see Fig. 4.6). For these four subjects, the 
average volume bias for the three object pair conditions together was about 25 %, 
while the average bias expressed in terms of surface area was about 12 %. This 
indicates that, in contrast to the overall pattern, some subjects may have based their 
judgments on the surface area of the objects, at least to some degree. However, for 
the majority of the subjects expressing the biases in terms of volume itself resulted 
in the smallest values. 
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Fig. 4.5 The average biases expressed in terms of the different object dimensions: Vol 
is volume, SA is surface area, LinA is linear dimension A, LinB is linear dimension B, 
and CR is circumsphere radius. For explanation of the dimensions see the text. The 
error bars represent the standard errors of the mean. 

          
Fig. 4.6 The relative biases for the data expressed in terms of volume and surface 
area, for the individual subjects. Each bar is an average of the biases from the three 
different object pair conditions. For the comparison of the two dimensions we were 
mainly interested in the magnitude of the bias, rather than the direction, and therefore 
the absolute values are used. The subjects are ordered from the subject with the largest 
volume bias to the one with the smallest volume bias. 
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4.4   Discussion 
 
It has already been shown that the shape of 3-D objects has an influence on the 
perceived volume of these objects when exploring them by touch. For example, a 
relatively wider cylinder is perceived as being larger in volume than a taller 
cylinder of the same physical volume (Krishna, 2006). Also, a tetrahedron that is 
explored unimanually is perceived as being larger than an equally sized cube and 
sphere, and the cube is perceived as being larger than the sphere (Kahrimanovic et 
al., 2010a). The present study extends these findings by showing that volume 
perception of larger tetrahedrons, cubes and spheres, which had to be explored 
bimanually by blindfolded subjects, is also not veridical. Overall, the present results 
showed a significant effect of shape on bimanual volume perception of large 
objects. The main significant effect was the perception of the tetrahedron to be 
larger in volume compared to the volume of the sphere and the cube. This 
resembles the direction of the effect for unimanual exploration of small stimuli 
(Kahrimanovic et al., 2010a). 

However, the size of the present effect is much smaller. The average bias in the 
present study was 14 %, whereas the bias for the small stimuli was 31 %. A 
possible explanation for this difference might be that the volume percept takes place 
at a higher level of processing for the large stimuli than for the small stimuli. The 
small stimuli are explored with one hand by enclosure of the object. The volume 
processing of these stimuli may occur already in the primary somatic cortex, which 
contains cortical areas that receive information from receptors in the skin 
(Brodmann’s areas 3b and 1), as well as areas that receive proprioceptive 
information from receptors in muscles and joints (Brodmann’s areas 3a and 2). In 
contrast, for the large stimuli the information is extracted with two hands each 
sending its information to one of the hemispheres in the cerebral cortex. In order to 
process the whole stimulus and to make a judgment concerning the volume, the 
information from the two hands has to be integrated at a high-level of cortical 
processing. Integration of information from two hands has been shown to occur in 
the posterior parietal cortex (Brodmann’s area 5). This part of the cortex has shown 
to be involved also in the integration of information received from the primary 
sensory cortex (Kandel, Schwartz & Jessell, 2000). Because of the required deeper 
processing of information when objects are explored with two hands, the volume 
percept of large objects might be less prone to systematic distortions.  

The difference between the volume percept of large and small stimuli is also 
evident from the additional analysis on the influences of geometric dimensions on 
the measured effect. This analysis showed that the average biases for the large 
stimuli could not be explained by one particular object dimension, in contrast to the 
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biases for the small stimuli that could be explained by the subjects’ tendency to 
base the volume judgment on the surface area of the objects. In the present study, 
only for a few subjects the surface area seems to have had an influence on their 
judgment. The influence of the surface area on the volume percept of small stimuli 
is assumed to take place at a peripheral level of processing. It was suggested that 
the object property that was salient during exploration would mainly influence the 
percept. The small stimuli could fit in one hand, and could be enclosed completely. 
In that way, the whole stimulus could be perceived at once. In contrast, the 
exploration of the large stimuli is more sequential. Even with an optimal enclosure 
of the stimulus with two hands the stimulus was still not completely in contact with 
the hands. Consequently, the surface area of the objects might be salient for the 
small objects but not for the large objects, and probably because of that the surface 
area does not determine the volume percept of the larger objects. Another related 
possibility is that the cutaneous stimulation by the surface area is also salient for the 
large stimuli, but that the exploration of, for example, a large tetrahedron and a 
large cube with the hands will result in the same degree of cutaneous stimulation. 
This could be assumed because the two objects are larger than the hands and 
consequently they will both stimulate the same area of the hands (i.e. the whole 
palm of the hand and the fingers). If the subjects’ judgment would be based on this 
stimulation, then there would be no possibility to discriminate two objects because 
all objects would provide the same information, independent of their shape or size. 
However, because the subjects could feel that the objects are larger than their hands 
they may assume that this cutaneous stimulation is probably not adequate and they 
will not base their judgment on the salient stimulation of the surface area but will 
use another strategy to perform the task. This strategy would include a more 
extensive manipulation and exploration of the object, in order to integrate 
information from two hands and to form a comprehensive representation of the 
object’s properties. That specific strategy may then result in consistent over- or 
underestimation of an object. 

In addition, the biases could also not be explained by the influence of the longest 
linear dimension, as was the case for the cylindrical objects (Krishna, 2006). When 
holding an object between two hands it would be reasonable to assume that the 
distance between the two hands might be used to make judgments about the volume 
of the objects. Apparently, this is not the strategy that was applied by the subjects. 
The fact that the biases observed during bimanual volume perception could not be 
explained by a tendency to base the percept on specific object dimensions, suggests 
that the biases are not related to the saliency of specific object dimensions.  

Another observation in the present study is the large between-subjects variation 
in the data. The individual differences cannot be explained by gender differences. 
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Fig. 4.6 showed that the surface area of the objects influenced the volume judgment 
of subjects 1 to 4 more than was the case for the remainder of the subjects. Subjects 
1 and 4 were females and subjects 2 and 3 were males. Of the remainder, subjects 5, 
9 and 10 were female, and subjects 6, 7 and 8 were male. Hence, no relationship 
between the magnitude of the biases and the gender of the subjects can be observed.     

The individual differences may be a consequence of the large variation in the 
exploratory strategies that could be used in the present experiment. For example, 
one strategy was holding the object in one hand and exploring the rest of the object 
by the other hand in a smooth movement over the object. Another strategy that was 
applied frequently consisted of a sequential exploration of the different sides of the 
object, with the object being always in between the two hands. These different 
strategies may influence the perception of volume in different ways, resulting in a 
variety of biases. Regardless of these large between-subjects differences, the 
correlation analysis showed that consistent patterns could be observed for 
individual subjects: the sum of the cube-sphere and the tetrahedron-cube biases 
correlated strongly with the measured tetrahedron-sphere bias. This indicates that 
the biases are not random, but that different conditions share related data within an 
individual subject. The large individual differences in the present experiment 
contrast the rather consistent patterns between subjects observed in our previous 
unimanual volume perception study. This may be related to the smaller variability 
in the way the small objects were explored: the subjects simply enclosed the objects 
when they were placed on their hand palm (Kahrimanovic et al., 2010a). 

In addition to the relative biases, discrimination thresholds were also derived 
from the present data. For the main part of the data, the threshold was smaller than 
the absolute bias, indicating that the biases were of substantial magnitude. It would 
be interesting to relate the present threshold (44 cm3 on average) to the threshold 
that was measured for the unimanual volume judgment of small stimuli in the 
Kahrimanovic et al. study (2010a). In the part of the experiment in which the small 
objects were explored in the hand, an average discrimination threshold of 0.95 cm3 
was found. The fact that the absolute threshold for the large stimuli is larger than 
the threshold for the small stimuli could be related to Weber’s law. Weber’s law 
states that the just noticeable difference of the change in the magnitude of a 
stimulus is proportional to the stimulus’s magnitude, rather than being an absolute 
value (Weber, 1860). Hence, for a subject to be able to perceive a volume 
difference between two stimuli, this difference must be larger for large stimuli 
compared to the difference that is needed to perceive a difference between two 
smaller stimuli. In order to test whether the two discrimination thresholds are 
comparable in terms of proportional values, we need to express them relative to the 
stimuli for which they are obtained. For this purpose, the thresholds can be 
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expressed relative to the median of the stimulus range (i.e. 8 cm3 and 370 cm3). 
This resulted in a Weber fraction of about 0.12 for both studies, suggesting that the 
ability of subjects to discriminate two objects was not influenced by the size of 
these objects.  

A last note that we want to make concerns the influence of the weight of the 
objects on the present biases. The objects were held in the hand, and therefore 
weight information was available during the task. Although the subjects were asked 
to focus on the volume of the objects, some of them may have based their judgment 
on the weight of the objects. In previous studies we have shown that the perceived 
weight of 3-D objects is influenced by the shape of these objects. Overall, a 
perceptually smaller object is perceived as being heavier than a perceptually larger 
object of the same mass (Kahrimanovic, Bergmann Tiest & Kappers, 2010b, 
2011a). The individual differences in the present study might be related to the 
possibility that some subjects performed the task by focusing on the volume while 
other subjects focused more on the weight of the objects. This was probably not a 
conscious process, since the majority of the subjects indicated afterwards that they 
were not using weight information to perform the task. However, weight 
information may have influenced the judgment at an unconscious level. Therefore, 
the first step for follow-up experiments would be to extend the present study with 
another experiment in which the weight information will be eliminated.  

Taken together, the experiment described in this paper is the first one in the 
investigation of bimanual volume perception of 3-D objects. The results reveal that 
the shape of objects has an influence on haptic bimanual volume perception. This 
effect differs from the influence of shape on unimanual volume perception of small 
objects. It might be that different exploratory strategies are used for exploring small 
objects unimanually compared to bimanual exploration of larger objects. Another 
possibility for this difference may be the level of processing, with unimanual 
perception of the small stimuli taking place at a low-level of processing and the 
bimanual perception of the large stimuli at a higher level of processing. 
 



 

 

CHAPTER 5 
 

The influence of salient material properties on haptic 
perception of volume 

 
 
Abstract  
 
The present study investigated the influence of surface texture and thermal 
conductivity on the haptic perception of the volume of small cubes. It was 
hypothesized that an object containing highly salient material properties would be 
perceived as larger in volume than the same object without these properties. 
Blindfolded subjects were asked to explore pairs of cubes differing in their material 
properties and to select the one with the larger volume. The results showed that, 
counterintuitively, a smooth cube was perceived as being significantly larger than a 
rough cube of the same physical volume, with average biases of about 24 %. 
Furthermore, cubes with a higher thermal conductivity were perceived as 
significantly larger than cubes with a lower thermal conductivity (average bias of 
about 7 %). In addition, the magnitude of the bias in this condition was not changed 
by increasing or decreasing the temperature of the test objects, suggesting that the 
effect of thermal conductivity could not be attributed directly to the heat flow. 
These results reveal that the studied material properties have a significant and 
consistent influence on the haptic perception of volume. The observed biases could 
not be explained by low-level processes relating the volume percept directly to the 
saliency of objects. 
 
 
 
 
 
 
 
 
 
 
M. Kahrimanovic, I. van de Ruit, W. M. Bergmann Tiest, and A. M. L. Kappers. 
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5.1   Introduction 
 
Objects that we encounter in our environment can differ along a number of 
dimensions, like shape, size and material. Each dimension contributes in its own 
way to the percept of the object and the perception of one particular dimension may 
be influenced by the presence of other physical object properties. The present study 
focused on the influence of salient material properties on haptic perception of the 
volume of objects. Previous studies have shown that volume perception is not 
veridical. We have shown that small 3-dimensional objects with the same physical 
size (i.e. volume) but differing in shape are perceived as being different in size 
(Kahrimanovic et al., 2010a). In that study, blindfolded subjects had to explore 
tetrahedrons, cubes and spheres by touch. On each trial, they were asked to compare 
two differently shaped objects and to indicate the one they perceived as larger in 
volume. The largest effect of shape on volume perception was found for the 
comparison of tetrahedrons and spheres. A tetrahedron with a particular physical 
volume was on average perceived as equal in volume to a sphere of about 48 % 
larger in volume than the tetrahedron. Similarly, tetrahedrons were perceived as 
being larger than cubes of the same physical volume, and cubes were perceived as 
being larger in volume than spheres. Additional analyses of these results showed 
that the occurrence of these volume biases could be explained by the subjects’ 
tendency to base their volume judgment on the surface area of the objects. Hence, 
during the volume discrimination task subjects perceived two objects with the same 
physical surface area as being the same in volume.  

In order to explain these findings, we have proposed that the effect of surface 
area on the volume judgment may be related to the saliency of that property during 
exploration of the objects. When an object is enclosed, the cutaneous receptors in 
the skin are stimulated mainly by the surface of the object, resulting in more 
attention being directed towards that property. As a consequence, the judgment of 
the subjects is based on that salient property. Previous studies on volume perception 
of objects differing along the height-to-width ratio (e.g. different cylinders) have 
also suggested that the volume judgment was influenced by the most salient 
dimension, which has been shown to be the length of objects during visual 
judgments and the width of objects during haptic judgments (e.g. Frayman & 
Dawson, 1981; Holmberg, 1975; Krishna, 2006; Stanek, 1968, 1969). 

Inspired by these findings, we wondered whether the volume percept would also 
be influenced by other object dimensions that may be salient to the haptic sense as 
well. The saliency of object properties has been investigated by way of search tasks, 
in which a subject had to search for a target object between a number of distractor 
objects. These studies have shown that the presence of specific object properties 
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can make objects stand out among other objects that do not possess that property, 
i.e. that specific property is indicated as very salient. Examples of properties that 
are salient for the haptic sense and that could be used to discriminate easily between 
objects are a rough surface (Lederman & Klatzky, 1997; Plaisier, Bergmann Tiest, 
& Kappers, 2008), the presence of edges (Lederman & Klatzky, 1997; Plaisier, 
Bergmann Tiest, & Kappers, 2009), a large difference in thermal properties (Ho & 
Jones, 2006), and differences in actual object temperature (Plaisier & Kappers, 
2010). The present study focuses on the influence of two salient material properties 
on haptic perception of the volume of objects.  

First, the influence of the surface texture of objects was investigated. It has been 
shown that the presence of a spatially or temporally separated rough surface has an 
influence on roughness perception (Kahrimanovic, Bergmann Tiest, & Kappers, 
2009). Here, the question is whether the presence of a rough surface has also an 
influence on haptic perception of volume. Blindfolded subjects were asked to 
compare two cubes of which one had a smooth surface and the other a rough 
surface, and they had to indicate which of the two was the larger in volume If the 
previously proposed positive relationship between the salience of an object property 
and volume perception holds and if we assume that a rough cube is more salient 
than a smooth cube, then it can be hypothesized that the volume of a rougher cube 
should be overestimated. Second, the present study investigated also the influence 
of objects’ thermal properties on haptic volume perception. At each trial, subjects 
had to compare a cube made out of brass to a cube made out of a synthetic material, 
and to select the one with the larger volume. These objects differ highly in their 
thermal conductivity, which is the ability of a material to conduct heat. During the 
contact between the skin and an object, the object extracts heat from the skin 
resulting in a decrease of the skin temperature: The higher the thermal conductivity 
the faster the heat flow. Brass has a higher thermal conductivity than the synthetic 
material, and the skin temperature will therefore decrease at a higher rate when 
exploring brass objects. As a result, the brass objects will be perceived as colder. 
Although thermal conductivity has been shown to be a less salient feature than 
properties like roughness and the presence of edges (Lederman & Klatzky, 1997), it 
has been shown that subjects can use thermal cues appropriately to discriminate 
between objects when the differences in the thermal properties are large (Bergmann 
Tiest & Kappers, 2008; Ho & Jones, 2006). For the present study, an influence of 
the thermal properties on volume perception was expected because the difference in 
thermal conductivity between the used materials was rather large. We hypothesized 
that the relatively faster heat flow when exploring the brass cubes will make the 
brass cubes more salient than the synthetic cubes, resulting in an overestimation of 
the volume of the brass cubes.  
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Assuming this, it would be interesting to test whether the proposed effect could 
be attributed directly to the heat flow during enclosure. In order to test this, we 
conducted two additional conditions in which the temperature of the brass objects 
was manipulated. In the first condition, the temperature of the brass objects was 
increased from room temperature to a value around the skin temperature. This 
manipulation was assumed to result in a decrease of the heat flow between the hand 
and the warm brass objects, and therefore in a decrease of the difference between 
the heat flow when enclosing the warm brass objects and the heat flow when 
enclosing the room-temperature synthetic objects. If the effect of thermal 
conductivity on perceived volume were determined by the heat flow, then we may 
hypothesize that the perceptual bias for comparing the warm brass objects with the 
synthetic objects will be smaller than the bias when comparing these objects 
without a manipulation of the temperature. In the second condition, the temperature 
of the brass objects was decreased below room temperature. The cold brass objects 
will extract heat faster from the hand than the brass objects at room temperature. 
This was assumed to result in an increased difference between the heat flow when 
enclosing the cold brass objects and the heat flow when enclosing the room-
temperature synthetic objects. Consequently, a larger perceptual bias is expected in 
this condition than in the condition with the brass objects at room temperature.  
 
5.2   Methods 
 
Subjects 
A group of 8 subjects (2 male, 6 female) participated in the present experiment. 
Their mean age was 29 years (SD 10 years). All subjects were right-handed. All 
subjects except two were entirely naïve as to the purposes of the experiment. These 
two subjects had only some basic information about the experiment, but were naïve 
as to the exact methods that were used. Nevertheless, their data did not differ 
systematically from the data of the naïve subjects.   
 
Stimuli 
Two sets of stimuli were used; one for the surface texture condition and one for the 
thermal conductivity condition and the two temperature conditions. In general, the 
stimuli were all cubes manufactured on a computer controlled milling machine. In 
each cube, a small cylindrical hole (diameter of 1 mm) was made in the center of 
one plane, creating the possibility to place the cubes on stands for exploration. The 
complete stimulus set is shown in Fig. 5.1.  
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Surface texture 
The test cubes used in the surface texture condition were cubes made out of a 

synthetic, post-cured board material on a polyurethane base (Ebaboard S-1). The 
volume of the test cubes ranged from 3 to 11 cm3 in steps of 1 cm3. In addition to 
these rather smooth test stimuli, a cube with a rough surface was used as the 
reference stimulus. This stimulus was made out of the same material as the test 
stimuli but was subsequently covered by relatively coarse sandpaper (grit number 
P40). Pilot experiments showed that this cube indeed felt rougher than the test 
cubes. The volume of the reference stimulus was 6.9 cm3. This volume was 
calculated by measuring the length of all sides of the cube, and taking the average 
length for the calculation of the volume. The length used for this calculation was 
the distance between the tops of two grits on two opposite sides. The length could 
also be expressed as the distance between the bases of two grits on two opposite 
sides. This would result in an about 1.5 % smaller volume than the one calculated 
with the first method.  
 
Thermal conductivity 

The test cubes used in the thermal conductivity condition were made out of 
brass, which has a thermal conductivity of about 111 W/(K m). The volume of the 
test stimuli ranged from 4 to 12 cm3 in steps of 1 cm3. The reference stimulus was a 
cube of 8 cm3 made out of Ebaboard S-1, the same material as for the cubes in the 
surface texture condition. The thermal conductivity of this material was not 
specified by the manufacturer, but the thermal conductivity of polyurethane is about 
0.20 W/(K m), substantially smaller than that of brass. The stimuli in this condition 
were presented at room temperature (about 22 ℃).  
 In addition to this, in two other conditions the same stimuli were used as in the 
previously described thermal conductivity condition but the temperature of the 
brass objects was now manipulated while the temperature of the synthetic reference 
stimulus remained at room temperature. The test stimuli could be either cooled to a 
temperature of about 5 ℃ or they could be heated to a temperature of about 35 ℃. 
The temperature of the stimuli was decreased by placing the objects on an ice pack 
covered with a piece of cloth to prevent the stimuli from becoming wet, and 
increased with a temperature-controlled box that could be set to the required 
temperature. The temperature of the objects was held constant during the 
experimental condition.  
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Fig. 5.1 The stimulus set with the upper row showing the stimuli for the surface 
texture condition, and the lower row showing the stimuli for the temperature conditions. 
The stimulus at the left of each row is the reference stimulus. 
 
Procedure 
Subjects were blindfolded and seated themselves behind a table. Two 12-cm-high 
stands were fixated on the table, 40 cm in front of the subject, with a centre-to-
centre distance between the stands of 10 cm. The experimenter placed the reference 
stimulus on one stand and a test stimulus on the other. The position of the reference 
and test stimuli was randomized and counterbalanced. The subject was asked to 
explore first the stimulus on his/her left-hand side, and then the stimulus on the 
right-hand side. Subsequently, a two-alternative forced-choice task was conducted; 
the subject had to indicate which of the two stimuli was larger in volume. The 
subject was only allowed to use the dominant hand and was asked to explore the 
stimuli by enclosure, which has been shown to be the stereotypical exploratory 
strategy for volume perception (Lederman & Klatzky, 1987). Moving the stimulus 
was not allowed; otherwise mass information would become available. The subjects 
were allowed to explore the stimuli only once, but the exploration time for each 
individual exploration was not restricted.  

The conditions for individual subjects were presented in different sessions and 
in a randomized order. The sessions were performed on different days or on the 
same day with at least a 1-hour break between them. One condition lasted for about 
20 minutes.  
 
Data collection and analyses 
The stimuli were presented by means of the method of constant stimuli. Each 
combination of reference and test stimuli was presented 10 times in a random order, 
resulting in 90 trials for each condition and 360 trials for the complete experiment. 
From these data, the fraction was calculated with which each test stimulus was 
selected as being larger in volume than the reference stimulus. Subsequently, a 
cumulative Gaussian distribution (f) as a function of the volume (x) was fitted to the 
data with the maximum-likelihood procedure using the following equation: 
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where the parameter σ is a measure of the 84 % discrimination threshold, which is 
the sensitivity of the subject to perceive volume differences between two objects, 
and the parameter µ is a measure of the point of subjective equality (PSE), which 
indicates the volume of the test stimulus that is perceived as being equivalent to the 
reference stimulus. This value was then expressed as a percentage of the volume of 
the reference stimulus, resulting in relative biases, which were used for the 
statistical analysis. Fig. 5.2 shows the data of a representative subject and the best-
fit function fitted to the data points.  

                        
Fig. 5.2 A representative example of the data from the surface texture condition 
together with the fitted psychometric curve. The solid line indicates the volume of the 
reference stimulus. The dashed lines indicate the point of subjective equality. The 
values of the threshold (σ) and the PSE (µ) are also shown in the figure.  
 
5.3   Results 
 
Fig. 5.3 shows the average relative biases measured in the present experiment. As 
can be seen, the biases were positive in all conditions. A positive bias indicates that 
the test objects were overestimated. For the condition in which a rough reference 
cube was compared to smooth test cubes, the measured average bias was 24 % (SE 
2 %), meaning that the rough reference cube of 6.9 cm3 was on average perceived 
as being equal to a smooth test cube of about 5.6 cm3. The average bias in the 
thermal conductivity condition was 7 % (SE 3 %), indicating that the brass objects 
were perceived as being larger in volume than the synthetic reference object. In 
addition, the biases in the two conditions with a manipulation of the temperature of 
the test objects were for the condition with the cold test stimuli 9 % (SE 6 %) and 
for the condition with the warm test stimuli 8 % (SE 7 %). Hence, the brass objects 
were perceived as larger in volume than the synthetic objects independent of their 
temperature. All biases were significantly different from 0 (p < 0.01), as tested by 
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one-sample t-tests. A repeated-measures ANOVA performed on the relative biases 
revealed a significant effect of condition, F3,21 = 16, p < 0.001. Bonferroni corrected 
pairwise comparisons showed that the bias in the surface texture condition was 
significantly larger than the biases in the other conditions (p < 0.05). The biases in 
the thermal conductivity condition did not differ significantly from the biases in the 
two temperature conditions, and the two temperature conditions did not differ 
significantly either (p > 0.05).  

In addition to the PSE, the 84 % discrimination thresholds could also be 
extracted from the fits. The average thresholds were 0.7 cm3 (SE 0.3 cm3), 1.0 cm3 

(SE 0.1 cm3), 0.7 cm3 (SE 0.1 cm3), and 0.6 cm3 (SE 0.1 cm3) for the surface 
texture, the thermal conductivity, the cold and the warm conditions, respectively. 
Subsequently, these thresholds were expressed relative to the volume of the 
reference stimulus, resulting in the Weber fractions. The resulting average Weber 
fractions were 0.10 (SE 0.03), 0.12 (SE 0.04), 0.09 (SE 0.04) and 0.08 (SE 0.03) for 
the four conditions respectively. A repeated-measures ANOVA was performed on 
these Weber fractions, with condition (4 levels) as the within-subjects factor. This 
analysis revealed that the Weber fractions did not differ significantly between the 
different conditions (F3,21 = 3, p = 0.08). 

                        
Fig. 5.3 The relative biases (%) for the surface texture and the thermal conductivity 
conditions, and the conditions in which the temperature of the test objects was either 
decreased (cold) or increased (warm). Error bars indicate the standard error of the mean.  
 
4.4   Discussion 
 
The present study investigated the influence of surface texture and thermal 
conductivity on haptic perception of the volume of cubes that could fit in one hand 
and had to be explored unimanually. Significant perceptual biases were observed, 
revealing a significant influence of the studied material properties on the volume 
judgment. Moreover, the effect of thermal conductivity could not be changed by a 
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manipulation of the temperature of the test objects. In addition to the biases, the 
discrimination thresholds were also extracted from the data. The results showed that 
the discrimination thresholds were not significantly different for the four 
conditions. Furthermore, the average discrimination threshold was smaller than the 
absolute average bias, indicating that the measured biases were of a substantial 
magnitude.  

Concerning the influence of surface texture on volume perception, the present 
experiment showed that a cube with a smooth surface was perceived as being 
significantly larger than a cube with a rough surface, with an average bias of about 
24 %. Note that the bias would be even larger if we had decided to calculate the 
volume of the reference stimulus by measuring the distance between the bases of 
two grits on two opposite sides, instead of by measuring the distance between the 
tops of two grits on two opposite sides (see methods). Although the measured bias 
was large and highly significant, its direction was not in accordance with our 
hypothesis. We predicted that the rough surface would be more salient than the 
smooth surface, which should result in an overestimation of the volume of the 
rough cube. The finding that the volume of smooth cubes was overestimated may 
be interpreted in two different ways. First, it may contradict the positive 
relationship between the saliency of material properties and the volume percept. 
Second, it may imply that a specific property of the smooth cubes was even more 
salient than the texture of the rough cube. At the moment of enclosure of the 
objects, the edges of the smooth cubes seem to feel more salient than the edges of 
the rough cubes. Plaisier et al. (2009) already concluded that edges are salient 
object features. Perhaps, the overestimation of the smooth cubes may be related to 
the saliency of the edges. It might be that covering the reference cube with the 
abrasive paper resulted in a decrease of the saliency of the edges for this cube 
compared to the cube that was not covered with the paper. Consequently, this may 
have resulted in the observed overestimation of the volume of the smooth cube.  

The present experiment showed also a significant influence of thermal 
properties of objects on the perception of their volume. Subjects compared two 
cubes each made out of a material with different thermal conductivities (brass 
versus synthetic material), which were both presented at room temperature. The 
results showed that the cubes with a higher thermal conductivity were perceived as 
being larger in volume than equally sized cubes with a lower thermal conductivity 
(bias of 7 %). We proposed that this effect might be related to the heat that is 
extracted from the skin during contact between the skin and the object, 
hypothesizing that with a higher heat flow the object would be perceived as larger. 
In order to investigate this hypothesis further, two additional conditions were 
conducted in which the temperature of the brass objects was manipulated in order to 
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increase or decrease the difference between the heat flow when exploring brass 
objects and the heat flow when exploring the synthetic objects. In these conditions, 
subjects were asked to compare the volume of cold and warm brass cubes to the 
synthetic cubes that were at room temperature. If the measured effect of thermal 
conductivity on volume perception could be related to the heat flow, then increasing 
the temperature of the brass objects would result in a smaller bias than the one 
measured during the condition with the brass objects at room temperature, and a 
decrease of the temperature of the brass objects would result in an increase of the 
perceptual bias. The results showed that the brass cubes, both cooled and heated, 
were perceived as being larger in volume than the synthetic cubes. The magnitudes 
of the biases in these two conditions (9 % and 8 %) did not differ significantly from 
each other and also not from the magnitude of the bias measured in the condition 
with both test and reference stimuli at room temperature. The failure to observe the 
predicted patterns in these conditions suggests that the perceptual biases could not 
be explained directly by the heat flow between the skin and the objects. 
Independent of the temperature of the objects, the object with a higher thermal 
conductivity was perceived as being larger in volume than the object with a smaller 
thermal conductivity. This suggests that observers automatically correct for 
temperature differences when perceiving the ‘coldness’ of objects. The observation 
that the effect of temperature could not modify the influence of the thermal 
conductivity is interesting, because a comparison of the results from Plaisier and 
Kappers (2010) and Lederman and Klatzky (1997) showed that differences in 
temperature were more salient than differences in thermal conductivity. Apparently, 
when both features differ, as in the present experiment, the influence of thermal 
conductivity cues is stronger than the influence of temperature cues.  

For a better understanding of the mechanisms involved in the effect of material 
properties on volume perception, it may be interesting to compare the magnitude of 
the biases observed for the texture and the thermal conductivity conditions. This 
comparison may provide some suggestions about the level at which the effects may 
be manifested. The present study showed that the bias in the surface area condition 
was significantly larger than the bias in the thermal conductivity condition. It may 
be that information of mechanical nature has a stronger effect on the volume 
percept than information of a thermal nature, due to the level of processing at which 
the effect is manifested. Previously, we have shown that the shape of 3-dimensional 
objects has a weaker effect on haptic bimanual volume perception of large objects 
than on unimanual volume perception of small objects (Kahrimanovic, Bergmann 
Tiest, & Kappers, 2011). The volume processing of the small stimuli may occur 
already in the primary sensory cortex, which contains cortical areas that receive 
information from receptors in the skin as well as areas that receive information 
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from receptors in muscles and joints. In contrast, bimanual volume perception 
requires integration of information from the two hands, and this integration is 
shown to take place in the posterior parietal cortex (Kandel, Schwartz, & Jessell, 
2000). Bimanual perception of the large objects is assumed to be less prone to 
systematic distortions because of the deeper processing of information. This 
reasoning may also be applied to the present study. In the surface texture condition, 
the relevant information about the objects is transmitted mainly by 
mechanoreceptors and could be processed already at an early stage. In the other 
conditions, the relevant information is coming from both mechanoreceptors and 
thermal receptors. These different cues are processed separately at the peripheral 
level but converge at the thalamus and the orbitofrontal cortex (Kandel et al., 2000). 
Consequently, the effect of thermal cues on the volume percept may be manifested 
at a higher level of processing than the effect of surface texture. This deeper 
processing of information may result in a weaker effect of the salient feature.  

The present study revealed large and consistent overestimations of the smooth 
cubes compared to the rough cubes and of the brass cubes (either at room 
temperature or with a decreased or increased temperature) compared to the 
synthetic cubes: all subjects showed significant positive biases. Apparently, 
material properties have a consistent influence on haptic perception of the volume 
of 3-D objects. The present study only speculated about the mechanisms underlying 
these effects, but further research is required for a more detailed understanding of 
the origin of the observed effects.  
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CHAPTER 6 
 

Discrimination thresholds for haptic perception of 
volume, surface area and weight 

 
 
Abstract  
 
Experiment 1 measured the JNDs for three different tasks; 1) discrimination of 
volume without availability of weight information, 2) discrimination of volume 
with weight information available, and 3) discrimination of surface area. Stimuli 
consisted of spheres, cubes and tetrahedrons and for all shapes two different 
reference sizes were used (3.5 and 12 cm3). The data were analyzed in terms of 
Weber fractions. No significant effect of task on the discriminability of objects was 
found, but the effects of shape and size were significant, as well as the interaction 
between these two factors. Post hoc analysis revealed that for the small reference 
the Weber fractions for the tetrahedron were significantly larger than the fractions 
for the cube and the sphere. In Experiment 2, the JNDs for haptic perception of 
weight were measured for the same objects as used in Experiment 1. The shape of 
objects had no significant effect on the Weber fractions for weight, but the Weber 
fractions for the small stimuli were larger than the fractions for the large stimuli. 
Surprisingly, a comparison between the two experiments showed that the Weber 
fractions for weight were significantly larger than the fractions for volume with 
availability of weight information. Taken together, the results reveal that volume 
and weight information are not effectively combined in discrimination tasks. 
 
 
 
 
 
 
 
 
 
 
M. Kahrimanovic, W. M. Bergmann Tiest, and A. M. L. Kappers (under revision).       
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6.1   Introduction 
 
During exploration of an object you can perceive specific features of that object, 
like texture, hardness, shape and size. Each of these properties might contribute to 
processes like object recognition and the control of manual actions. In order to 
obtain an improved understanding of these crucial processes it is required to study 
separately the perception of each of these fundamental object properties. The 
present study will focus on one of these properties by investigating the human 
ability to haptically discriminate the size of 3-D objects. 

When we have to discriminate by touch the size of two small same-shaped 
objects, we can grasp each object between two fingers and make a judgment of the 
distance between the two fingers, which corresponds to the length of the object. A 
number of studies have been performed on the just noticeable differences (JND) of 
length for objects held between two fingers. The stimuli used in these studies were 
either calipers or blocks varying in length. The JNDs were often reported in 
proportion to the reference stimulus, resulting in a Weber fraction. The reported 
Weber fractions for length discrimination varied highly, ranging from 0.02 to 0.11 
(Dietze, 1961; Durlach et al., 1989; Evans & Howarth, 1966; Kelvin, 1954; 
Langfeld, 1917; Stevens & Stone, 1959). These studies provided some insight into 
the human ability to discriminate haptically the length of objects. However, size 
discrimination of 3-D objects comprises more than merely the discrimination of 
length. Instead of exploring the object between two fingers, we could also take the 
object in the whole hand and explore it by enclosure. This will provide information 
about properties like the global shape, the volume and the total surface area of the 
object, properties which would not be available to the haptic sense when an object 
is only grasped between two fingers. In this situation, the size of a 3-D object might 
be best described by its volume. Lederman and Klatzky (1987) have demonstrated 
that enclosure is the stereotypical exploratory procedure that was used by 
participants when they were asked to judge the volume of a 3-D object. Although, a 
detailed investigation of the JNDs for volume is required for a comprehensive 
understanding of haptic size perception of 3-D objects, there are no studies on the 
accuracy of the volume judgment by way of enclosure. In addition to the scientific 
importance, knowledge concerning volume perception may also be applied in the 
field of remote handling and teleoperation. 

The present study investigated haptic perception of volume and focused on the 
following four questions:  

1) Effect of shape: Previous studies on haptic volume perception are based 
mainly on the influence of the shape of objects on perceived volume (Kahrimanovic 
et al., 2010a; Krishna, 2006). They revealed that the volume judgment is strongly 
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biased by the objects’ shape. For example, tetrahedrons were perceived as larger 
than cubes and spheres, and cubes were perceived as larger than spheres 
(Kahrimanovic et al., 2010a). Because of the strong influence of shape on the 
volume percept, a study on the JND for volume should investigate whether also 
volume discrimination thresholds differ between shapes. Therefore, the present 
study investigated the JNDs for volume for three different shapes (i.e. tetrahedrons, 
cubes and spheres), which were the same as those in the previous experiment on the 
perceptual biases. This created the possibility to compare the effect of shape on 
volume perception of differently shaped objects to the effect of shape on volume 
perception of same-shaped objects.  

2) Effect of size: Previous studies on the discrimination of the length of objects 
showed that the JND for length increased with reference length. However, these 
JNDs were not a constant proportion of the original stimulus value, indicating that 
length perception is not in accordance with Weber’s law. The studies showed that in 
particular the Weber fractions for the small stimuli were relatively large (Dietze, 
1961; Durlach et al., 1989; Gaydos, 1958; Stevens & Stone, 1959). The present 
study tested whether comparable patterns occur for volume discrimination. 
Preferably, a study like this should include a large range of reference stimuli. The 
choice of the stimulus range that could be used for an experiment with unimanual 
enclosure of objects is, however, limited by the size of the hand. Therefore, for the 
present stimuli and exploration procedure it is not possible to test Weber’s law 
comprehensively. By a comparison of the thresholds for two substantially different 
reference sizes the present experiment will at least shed some light on the effect of 
size on the JNDs for volume. Based on the studies on length discrimination, we 
hypothesized that the fraction for the small reference stimulus will be larger than 
the one for the large reference stimulus.    

3) Volume versus Surface area: The Kahrimanovic et al. (2010a) study showed 
that the haptic volume judgments were biased by the objects’ shape because the 
judgments were based on the surface area of objects, instead of the volume itself. 
Hence, during the volume judgment task an object with a larger surface area was 
perceived as being larger in volume compared to a differently shaped object with 
the same physical volume but a smaller physical surface area. This suggests that the 
haptic system does not perceive the volume of an object directly, but extracts it 
from other object properties. We suggested that the judgment might be based on the 
property that was most salient during exploration, which was the surface area in this 
case. The same study showed also that when participants were asked to discriminate 
two differently shaped objects according to surface area, their performance did not 
differ from their performance during the volume task. This indicates that the task 
(i.e. compare objects according to volume or surface area) did not influence the 
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judgment, and that the same strategies were used for both volume and surface area 
judgments. Related to these findings, the present study investigated whether these 
tasks have an influence on the JNDs when comparing same-shaped objects. It may 
be hypothesized that for both the volume and the surface area tasks the same 
strategies will be used. Therefore, no effect of task on the discrimination thresholds 
is expected.  

4) Influence of availability of weight information:  In addition to the use of the 
volume or the surface area to distinguish the size of objects, the weight may also 
provide relevant information. From experience we know that a heavier object 
should be larger than a lighter object made of the same material. We tested whether 
availability of weight information, which correlates perfectly with the volume 
information in the present study, would influence the volume judgment. It has been 
shown that the biases for volume perception were smaller in conditions with weight 
information than in those without, indicating that weight information is used 
appropriately to aid the volume judgment (Kahrimanovic et al., 2010a). Therefore, 
it may be hypothesized that volume discrimination of equally shaped objects would 
also be aided by additional weight cues. 
 
6.2   Method 
 
Participants 
A group of eight students (three male, five female) from Utrecht University 
participated in the first experiment. Their mean age was 23 years (SD 2 years), and 
they were all right-handed as tested by Coren’s handedness questionnaire (Coren, 
1993).  All were naïve as to the purpose of the experiment and they provided 
written informed consent. They were paid for their participation.   
 
Stimuli 
Two sets of tetrahedrons, cubes and spheres made out of brass were used as stimuli. 
Both sets consisted of stimuli that could fit in one hand, with volumes ranging from 
2 to 5 cm3 and from 10 to 14 cm3. For each object shape two references were used; 
a small reference of 3.5 cm3 for the first range and a larger one of 12 cm3 for the 
second range. Set 1 consisted of completely solid objects (see Fig. 6.1), with the 
mass of these objects co-varying consistently with their volume. This set was used 
for the task with weight information. Set 2 was identical to the first one, with the 
exception that in each object a small cylindrical hole (diameter of 1 mm) was made 
to be able to place the objects on stands and thereby eliminate the availability of 
weight information1. 
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Conditions 
A 3 (shape) × 2 (size) × 3 (task) within-subjects design was used, resulting in 18 
different conditions. The three different shapes were tetrahedrons, cubes and 
spheres. The size factor was determined by the size (3.5 and 12 cm3) of the 
reference stimulus. The task factor consisted of three different tasks. The 
participants were asked either to explore pairs of objects on stands (conditions 
without weight information) and to compare them according to either their volume 
or surface area, or they were asked to explore pairs of objects that were placed 
successively in their hands (condition with weight information) and to compare 
them according to volume. The 18 conditions were performed within 9 sessions. 
Shape and task were randomized between sessions and the two different sizes were 
randomized within a session. Furthermore, the order of the test and reference 
stimuli within each trial was randomized. Each session lasted for about 1 hour, 
resulting in about 9 hours per participant for the complete experiment.  

A 

 
B 

                 
Fig. 6.1 A) The two ranges of objects from the stimulus set with the completely solid 
objects (set 1). The objects from stimulus set 2 were identical to those but included a 
small cylindrical hole, creating the possibility to place them on stands. B) A participant 
holding the largest tetrahedron free in the hand (left) and exploring the same stimulus on 
the stand (right).  
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Procedure 
After receiving the instructions, the participants were blindfolded. For the 
conditions without mass information, the stands (12 cm high) on which the objects 
were placed were fixed on the table in front of the participant, with a centre-to-
centre distance between the stands of 10 cm. The participants were familiarized, 
with some practice trials, with the location of the stands and the objects on them. 
They were asked to start each trial from a fixed reference point, such that they could 
locate the stimuli easily in just one smooth arm movement. To start a trial, the 
experimenter indicated that the participant could explore the first stimulus, which 
was always the stimulus on the right side. After the palm of the hand had touched 
one side of the stimulus, the stimulus had to be enclosed to perceive the shape and 
the volume as thoroughly as possible. The participants were instructed to enclose 
the stimulus maximally. After the initial enclosure, they were allowed to open their 
hand and to enclose the stimulus in another way. They were not allowed to use only 
the fingers for the exploration process, since this would reduce the judgment to a 
judgment of the length.  After exploration of the first stimulus, the participant 
moved his/her hand towards the second stimulus and explored it in the same way. 
The participant had to indicate which of the two stimuli was either larger in volume 
or larger in surface area, depending on the condition.  

For the conditions with weight information, each participant was asked to rest 
the elbow of his/her right arm on the table, and to hold the hand in a horizontal 
position with the palm facing upwards. The experimenter placed the stimuli, one 
after the other, in the centre of the palm. The participant was asked to enclose each 
stimulus, similar to the exploration of the stimuli on stands, in order to perceive its 
shape and volume. After exploration of the two stimuli, the participant had to 
indicate which of the two had a larger volume. In these conditions, the participant 
could also perceive the weight of the stimuli. However, no explicit information was 
given concerning the weight of the objects or the possibility to use weight 
information during the volume judgment.  
 
Data collection 
The data were collected with a method of constant stimuli that consisted of two 
parts. The first part was the same for all participants and was used for a rough 
estimation of the discrimination threshold. This part consisted of a reference 
stimulus and test stimuli that differed in steps of 0.5 cm3 from the reference 
stimulus, up to the outer stimuli of the range. Each combination of test and 
reference stimuli in this part was tested four times. The stimulus range in the second 
part was based on the performance within this first set. If performance was worse 
than a specified criterion2, then the same set as in the first part was used. Each 
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combination of reference and test stimuli was repeated six more times in order to 
end up with ten repetitions for each combination. If performance was better than 
this criterion (see Fig. 6.2), then a narrower set of test stimuli, differing in steps of 
0.25 cm3, was used and each stimulus combination was presented ten times in total. 
The data from both parts were taken together for the analyses.   

 
Data analyses 
For each combination of reference and test stimuli in the different conditions, the 
fraction was calculated with which the participant selected the test stimulus to be 
the larger in volume/surface area. A weighted cumulative Gaussian distribution (f) 
as function of the volume of objects (V) was fitted to the data with the maximum-
likelihood procedure, using the following equation:  
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where the parameter σ is a measure of the 84 % discrimination threshold and the 
parameter Vref corresponds to the volume of the reference stimulus that was used. 
The measured discrimination threshold indicates the sensitivity of participants to 
perceive differences between two objects (for an example see Fig. 6.2). Note that 
the volume of objects was used as parameter in all conditions, also when the 
participants were asked to compare the objects in terms of surface area. In this way, 
the values of the discrimination thresholds were not influenced by the use of 
different parameters in different conditions. Each discrimination threshold was then 
divided by the volume of the reference stimulus, resulting in the Weber fraction.  
 
6.3   Results 
 
Fig. 6.3 shows the average Weber fractions for the two reference sizes, the three 
tasks and the three shapes. As can be seen in the figure, the average Weber fractions 
ranged from 0.11 for the large sphere in the surface area task to 0.20 for the small 
tetrahedron in the volume task with weight information. A 3 (task) × 3 (shape) × 2 
(size) repeated measures ANOVA performed on the Weber fractions revealed no 
significant effect of the factor task (F2,14 = 1.9, p = 0.19), but the main effects of 
size and shape were significant (F1,7 = 12, p < 0.01 and F (2,14) = 11, p < 0.001, 
respectively). Furthermore, there was also a significant interaction effect between 
shape and size (F2,14 = 7.4, p < 0.005). No other interactions were significant (p > 
0.05). The significant effects will be explored further in the following section. 
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Fig. 6.2 An example of data collected for a small reference, for which the the second 
part used a narrower range. The bar chart shows the number of repetitions for each test 
volume (right scale). The light-gray bars indicate the trials from the first part of the data 
collection procedure. The dark-gray bars indicate the trials from the second part. The 
curve shows the fitted function through the measured data points (left scale). The 
vertical line at 3.5 cm3 indicates the volume of the reference stimulus. The dashed line 
specifies the place of the 84 % threshold. The value of this discrimination threshold, σ, 
is shown in the right top corner of the figure. If the range in the first and second part 
was kept the same, the data points would be only at the positions indicated by the light-
gray bars, and all those points would be measured ten times. 
 
Effects of shape and size 
The main effect of size revealed that the Weber fractions for the smaller stimuli, on 
average 0.16 (SE 0.01), were significantly larger than the Weber fractions for the 
larger stimuli, on average 0.13 (SE 0.01). The significant main effect of shape 
indicated that the Weber fractions differed depending on the shapes that were 
compared. The average fractions for the tetrahedron, cube and sphere were 0.17 (SE 
0.01), 0.15 (SE 0.01) and 0.127 (SE 0.007), respectively. In order to explore further 
the significant interaction effect between shape and size, a repeated measures 
ANOVA with shape as the within-subjects factor was performed for each reference 
size. No significant effect of shape on the Weber fractions was found for the large 
reference (F2,14 = 2.6, p = 0.11). On the other hand, for the small reference the 
effect of shape was highly significant (F2,14 = 16, p < 0.001). Bonferroni corrected 
pairwise comparisons showed that, for the smaller reference, the Weber fraction for 
the tetrahedron (0.19, SE 0.01) was significantly larger than both the fractions for 
the sphere (0.133, SE 0.007) and for the cube (0.16, SE 0.01), with p < 0.005 and  
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Fig. 6.3 The average Weber fractions for the different conditions, with standard errors 
of the mean indicated by the error bars. The volume of the objects was used as 
parameter for the calculation of the fractions in all conditions. The 2-D symbols stand 
for their 3-D counterparts. 
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p < 0.05 respectively for the two comparisons. The comparison between the Weber 
fractions of the cube and the sphere failed to reach significance (p = 0.18).   

Furthermore, paired sample t-tests were performed to compare the fractions for 
the small and the large objects for all three shapes individually. These tests showed 
that the fractions for the small objects were significantly larger than those for the 
large objects for the cube and the tetrahedron (t7 = 2.8, p < 0.05 and t7 = 4.2, p < 
0.005 respectively). For the sphere, the two fractions did not differ significantly (t7 
= 1.4, p = 0.21).  
 
6.4   Experiment 2: Discrimination thresholds for weight 
 
Experiment 1 revealed no differences between the thresholds in conditions with and 
without weight information. This finding is interesting since we expected the 
performance to be better when more relevant information is available. In order to 
explore this finding further, a second experiment was performed in which the 
participants were asked to discriminate the weight of objects. Discrimination 
thresholds for weight have already been investigated extensively (for a short 
overview see Jones, 1986). However, the reported thresholds varied widely (Weber 
fractions ranged from 0.03 to 0.13) and they were measured with rather different 
stimuli and exploration strategies than those used in the present study. It would not 
be very informative to compare the results from the first experiment to those 
thresholds from the literature. Therefore, the second experiment was necessary for a 
better understanding of the processes involved in haptic size perception with 
availability of weight information.  
 
6.4.1  Method 
 
Design 
The design was the same as for the volume condition with weight information in the 
previous experiment. The only difference was that the participants in this second 
experiment were asked to discriminate the objects according to their weight instead 
of their volume. No information was provided about the relationship between the 
volume and the weight of the objects. However, the participants were instructed 
explicitly that it was important, for the purpose of the experiment, to enclose the 
objects at each trial. The three different shape conditions were performed in 
different sessions and the size factor was randomized within a session. Each session 
lasted for about 1 hour, resulting in about 3 hours per participant for the complete 
experiment.   
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Participants 
A group of 8 participants (5 male, 3 female, mean age 22 years) took part in this 
experiment. They were all right-handed as tested by Coren’s test (Coren, 1993). 
They provided informed written consent and were paid for their participation. No 
participants in this experiment had taken part in Experiment 1.  
 
6.4.2  Results 
 
The Weber fractions for weight are shown in Fig. 6.4, together with the relevant 
Weber fractions for volume from Experiment 1. The ANOVA performed on these 
weight fractions revealed no significant effect of shape (F2,14 = 2.1, p = 0.16), but 
the effect of reference size was significant (F2,7 = 37, p < 0.001). The average 
Weber fraction for weight for the small reference (0.35, SE 0.04) was significantly 
larger than the fraction for the large reference (0.18, SE 0.03). Furthermore, a 
significant interaction effect between shape and size was found (F2,14 = 3.9, p < 
0.05). However, post hoc analyses revealed that the effect of shape was not 
significant for the large reference (F2,14 = 0.059, p = 0.94), nor for the small 
reference (F2,14 = 3.7, p = 0.051). The significant interaction effect can be related to 
a trend towards a smaller Weber fraction for the cube than for the other two objects 
in the condition with the smaller reference.  

Comparison of the Weber fractions for weight and those for volume revealed 
that the Weber fraction for weight was significantly larger than the one for volume 
for the small sphere and tetrahedron and for the large sphere (p < 0.05, two-tailed t-
test).  

 

 
Fig. 6.4 Average Weber fractions for weight (Experiment 2) and volume (Experiment 
1) for the three different shapes and two different sizes. The 2-D symbols stand for their 
3-D counterparts. The error bars represent the standard errors of the mean. 
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6.5   Discussion 
 
The present study investigated the ability to discriminate the size of same-shaped 
small 3-dimensional objects during unimanual haptic exploration.  The effects of 
shape, size, and 3 different tasks on the discrimination threshold were investigated 
in Experiment 1. Experiment 2 investigated the discrimination thresholds for 
weight. The following sections discuss the observed effects.  
 
The effect of shape 
The results from Experiment 1 showed that the size discriminability of 3-D objects 
was significantly influenced by their shape for the small reference. The Weber 
fraction for the tetrahedron was significantly larger than the fractions for the cube 
and the sphere. A possible explanation for this effect of shape may be related to the 
saliency of specific object properties. The discrimination of objects may be 
disrupted by the presence of the edges and especially the sharp vertices of the 
tetrahedrons that were probably rather salient during exploration. The cube included 
also edges and vertices, but these were probably less salient. These suggestions can 
be related to studies on the saliency of object features and studies on the 
interference of edges with haptic shape perception. Plaisier et al. (2009) showed 
that edges and vertices were the salient features that aided the haptic search for a 
target object between distractors. They showed that finding a tetrahedron between 
spheres is easier than finding a cube between spheres, as manifested in steeper 
search slopes for the cube-sphere search. Panday, Bergmann Tiest and Kappers (in 
press) showed that presence of the salient edges disrupted the participants’ ability to 
perceive haptically the orientation of blocks. In conditions with edges, the 
discrimination threshold was increased by 50 % compared to conditions in which 
the exploration was restricted in such a way that participants were not allowed to 
touch the edges. The present results suggest that the presence of salient edges also 
disrupts size perception of small objects.  
 
The effect of size 
The present results showed that the Weber fractions for cubes and tetrahedrons 
decreased significantly with an increase of the reference size. Although we did not 
test Weber’s law over a large range of reference values, this finding indicates that 
the reference size has a significant effect on the Weber fractions. This effect may be 
related to the required exploration strategy. During enclosure of the stimuli in the 
larger range (10 – 14 cm3) it may be assumed that small movements of the fingers 
over the surface of the objects could be performed in order to explore the objects 
more accurately and to extract more precise information. However, the small 
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stimuli were so small that additional small movements during enclosure probably 
would not provide any useful information. Klatzky et al. (1987) suggested also that 
the low discriminability and salience of size during haptic exploration might be 
related to the exploratory procedure of enclosure that provides mainly gross 
information. Perhaps, a more precise exploration may be required in order to 
perceive the size of the small stimuli more accurately. The present effect of size on 
the threshold resembles studies on size discrimination of objects held between two 
fingers, which showed that the absolute discrimination thresholds for size increased 
with an increase of reference size but that size perception is not in accordance with 
Weber’s law (Dietze, 1961; Durlach et al., 1989; Evans & Howarth, 1966; Stevens 
& Stone, 1959).  
 
Volume versus Surface area 
Experiment 1 compared discrimination thresholds of volume and surface area (also 
expressed in volume). The results revealed no significant differences in the 
discrimination ability between these two conditions. Furthermore, the effect of 
shape on the discrimination threshold was not different for the two different tasks. 
This suggests that the same strategy was used for the discrimination of volume as 
for the discrimination of surface area when comparing same-shaped objects. This 
suggestion resembles our previous study on perceptual biases (Kahrimanovic et al., 
2010a). That study showed that when participants were asked to indicate which of 
two objects had a larger volume, they selected the object with the larger surface 
area. In another part of that study, the same task was performed again with another 
group of participants but these participants were asked to discriminate the surface 
area of the objects. These data were comparable to the volume data expressed in 
terms of surface area, suggesting that for the comparison of differently shaped 
objects the participants used comparable strategies for both volume and surface area 
tasks. The present data suggests a similar effect when same-shaped objects are 
compared. Another similarity between discrimination of same-shaped and 
differently shaped objects becomes apparent when the values of the Weber fractions 
from the two studies are compared. The previous study revealed an average Weber 
fraction of 0.16 (SE 0.02), which is comparable to the fractions obtained in the 
present experiment. The use of surface area instead of volume may be related to the 
salience of the surface area during enclosure. We propose that the haptic system 
does not perceive volume itself directly but that the volume judgment is based on 
‘simpler’ dimensions that are salient during the exploration, such as the surface 
area.   
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Effect of weight information 
Experiment 1 also investigated the influence of the availability of weight 
information on the volume judgment. The results showed that the Weber fractions 
for volume in conditions without weight information did not differ significantly 
from the fractions in conditions with weight information. This indicates that 
availability of weight information, which correlated perfectly with the volume 
information, had no influence on the volume judgment. This finding is surprising, 
since it was expected that weight information would aid the volume judgment, 
because during volume discrimination of differently shaped objects addition of 
weight information resulted in less biased judgments (Kahrimanovic et al., 2010a). 
Also, cue combination theories predict that integration of two different cues will 
result in a better performance than when only one of these cues is available. The 
present results suggest that, in a situation in which the participants were not 
informed explicitly about the relationship between volume and weight, the 
participants did not combine volume and mass information. 
 
Thresholds for weight discrimination   
Experiment 2 of the present study investigated the influence of shape and reference 
size on the discrimination of the weight of 3-D objects. The stimuli were the same 
as in Experiment 1 and they were explored in the same way as during the volume 
experiment with weight information. The results showed that the shape of the 
objects had no significant influence on the Weber fractions for weight, but the 
Weber fractions for weight were significantly larger for the small reference 
stimulus than for the large one. The measured fractions for weight in the present 
experiment, on average 0.29, were larger than the fractions reported in other 
studies, which ranged between 0.03 and 0.13 (Jones, 1986). This difference may be 
related to the way the objects were explored. In the present experiment, the objects 
were placed on the palm of the hand and had to be enclosed. In previous studies, the 
objects were mainly placed on the palm and lifted without enclosure or were 
grasped between two fingers and then lifted. The 3-D shape of the objects, which 
was perceived after enclosure, may have a disrupting effect resulting in higher 
thresholds in the present experiment. Furthermore, the measured Weber fractions 
for weight were also compared to those for volume under conditions with weight 
information, as measured in Experiment 1. Volume and weight were congruent and 
the available information was identical for both tasks. The comparison of the data 
revealed that the Weber fractions for weight were larger than those for volume. The 
difference between the fractions for weight and volume was prominent mainly for 
the small objects. This indicates that, especially for very small stimuli, weight 
discrimination of 3-D objects is more difficult than volume discrimination of these 
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objects. It may be that enclosure of the objects during the task disrupted weight 
discrimination to a greater extent than volume discrimination. This can be related to 
the finding that enclosure is a stereotypical exploration procedure for volume 
perception but not for the perception of weight (Lederman & Klatzky, 1987). In the 
weight experiment, it was also observed that the majority of the participants 
performed hefting movements, after they had enclosed the object, in order to 
perceive the mass more accurately. This was not observed in the volume 
experiment. This suggests that during the volume judgment task the participants 
probably placed more emphasis on the volume information and less on the weight 
information, since weight seems to be more difficult to discriminate. This may be a 
possible explanation for the finding that discrimination of volume was not aided by 
the availability of weight information, manifested in comparable volume thresholds 
in Experiment 1 for conditions with and without weight information available. 
 
Conclusions  
The present study revealed that unimanual haptic discrimination of the size of 3-
dimensional objects is influenced by their shape and size. Furthermore, volume 
discrimination was not aided by the availability of weight information or visa versa 
and the discrimination of volume did not differ from the discrimination of surface 
area. In addition, the present study showed that the shape of 3-D objects had no 
significant influence on haptic perception of the weight of these objects, but that 
weight discrimination was influenced by the size of the objects. Finally, comparison 
of Weber fractions for volume and weight revealed that the fractions for weight 
were larger, indicating that discrimination of the weight of objects is a more 
difficult task than discrimination of their volume.  
 
NOTES 
 
1 Stimulus set 2 was not used in the conditions with weight information. Due to the 
small cylindrical hole in each of the objects the weight of these objects did not 
correspond precisely with their volumes.   
 

2 The criterion was determined with a computer simulation. For different specified 
discrimination thresholds and different criteria, we used a Monte Carlo simulation to 
generate 100 data sets based on a binomial distribution and calculated for each data set 
the discrimination threshold. The difference between the specified and the calculated 
discrimination thresholds proved to be the smallest at a criterion of about 83 % correct 
responses, indicating that the discrimination threshold would be determined most 
accurately with that criterion level.  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CHAPTER 7 
 

Characterization of the haptic shape-weight illusion 

with 3-dimensional objects 
 

 
Abstract  
 
The present study shows an effect of 3-dimensional shape on perceived weight of 
objects. This effect could be explained partly by the size-weight and the shape-size 
illusions, suggesting that the perceived size is not the only factor responsible for the 
shape-weight illusion. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
M. Kahrimanovic, W. M. Bergmann Tiest, and A. M. L. Kappers (in press). IEEE 
Transactions on Haptics. 
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7.1   Introduction 
 
The study of weight perception has a long history. Ernst Weber has often been 
indicated as the pioneer, studying the ability of human observers to perceive weight 
differences (Weber, 1860). In the following years, researchers started to investigate 
some interesting weight illusions. Examples are Charpentier’s size-weight illusion, 
reported first in 1891 (Murray et al., 1999), and Wolfe’s material-weight illusion 
(Wolfe, 1898). In the present article, we want to focus on another weight illusion 
that has been mentioned briefly by Dresslar in 1894 (Dresslar, 1894), but which has 
not been investigated in detail thereafter. In one of Dresslar’s tests, subjects had to 
order 8 different objects according to their weight. The objects were made of sheet 
lead, and were all of the same unreported thickness, area and weight. Their shape 
varied along two dimensions from regular figures, such as a circle or a square, to 
irregular angled figures. The figures could be explored unrestrictedly and vision 
was allowed. The results showed that objects that appeared to be the smallest or of 
the most compact form were judged to be the heaviest. This suggests that the 
influence of shape on weight perception is mediated by the perceived size of 
objects.  

The present study investigates whether comparable effects of shape on perceived 
weight would be found for 3-dimensional objects. During the experiments, vision 
was not allowed in order to study a purely haptic shape-weight illusion. The nature 
of this illusion could be predicted from the haptic size-weight (Ellis & Lederman, 
1993) and shape-size (Kahrimanovic et al., 2010a) illusions. Ellis and Lederman 
(1993) showed that a physically smaller object is perceived as being heavier: a 
doubling of the volume of cubes with the same physical weight resulted in a 26 % 
decrease of their estimated weight. If we assume that this relationship holds for the 
whole range of volumes and weights, then it can be written as  
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where Wi is the perceived weight and Vi the physical volume of objects. 
Kahrimanovic et al. (2010a) demonstrated that a tetrahedron was perceived as being 
larger in volume than a cube or a sphere of the same physical volume, and that a 
cube was perceived as larger than a sphere. The biases measured in that study are 
shown in Table 7.1. 

If the haptic shape-weight illusion with 3-D objects were mediated by the 
haptically perceived size (i.e. volume) of objects, comparable to Dresslar’s 2-D 
shape-weight illusion (Dresslar, 1894), then the perceptually smaller object will be 
perceived as being heavier. From this, we can predict that a sphere will be perceived 



Chapter 7  95 

as heavier than a cube or a tetrahedron of the same physical mass, and that a cube 
will be perceived as heavier than a tetrahedron. The magnitude of these biases can 
be predicted by substituting the biases found in Kahrimanovic et al. (2010a) for the 
ratio V2/V1 in (1). The predicted direction and magnitude of these biases are shown 
in Table 7.1.  

In the present paper, these predictions are tested in two experiments. In 
Experiment 1, the existence of a purely haptic shape-weight illusion with 3-D 
objects was investigated. Subjects had to compare two different objects 
(comparisons of spheres, cubes and tetrahedrons) and to judge which of the two is 
heavier. In Experiment 2, another test method was used in order to investigate the 
robustness of the observed effects. Establishing an appropriate way to measure this 
illusion and to obtain reliable and replicable results is the first step towards 
understanding the mechanism behind this phenomenon.  
 
Table 7.1:  Predictions for the shape-weight illusion. The magnitude of the biases 
indicates the relative difference between the physical volumes/weights of two 
differently shaped objects that are perceived as equal in volume/weight. The direction of 
the bias shows which object is expected to be perceived as lighter/heavier if objects of 
the same physical weight are compared. T is tetrahedron, C is cube and S is sphere. 
 

Shape-Size (Kahrimanovic et al., 2010a) Shape-Weight (predicted) 
Direction Magnitude Direction Magnitude 
T > S 30 % T < S -11 % 
T > C 9 % T < C -4 % 
C > S 19 % C < S -7 % 

 
7.2   General methods 
 
Stimuli 
The stimuli were sets of tetrahedrons, cubes and spheres, which were the same as 
those from our previous study on volume perception (Kahrimanovic et al., 2010a). 
The weight of these brass stimuli ranged from 16.8 to 117.6 g, in steps of 8.4 g (i.e. 
1 cm3). The volume co-varied consistently with the weight, ranging from 2 to 14 
cm3.  
 
Subjects 
In total, twenty-one subjects participated in the two experiments. Seven subjects 
participated only in Experiment 1 and another seven only in Experiment 2. A last 
group of seven subjects participated in both experiments, for which the order of the 
experiments was counterbalanced. Consequently, each experiment consisted of 
fourteen subjects. The mean age of all subjects was 21 years (SD 2 years). Eleven 
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subjects were male and ten female. All but three subjects were right-handed as 
established by Coren’s handedness test (Coren, 1993).  
 
7.3   Experiment 1: Direct comparison 
 
In this experiment, pairs of stimuli of different shapes and weights were presented 
to blindfolded subjects and points of subjective equality were determined. 
 
7.3.1  Method 
 
Conditions 
Experiment 1 consisted of 9 conditions: 3 object pairs (tetrahedron-sphere, 
tetrahedron-cube, cube-sphere) and 3 reference weights for each object pair (small, 
medium, large). For each condition, each object was reference in half of the trials 
and test in the remainder. The weight and volume of these references are presented 
in Table 7.2. These references were the same as in our previous study on haptic 
volume perception (Kahrimanovic et al., 2010a). In that study, the selection of the 
reference stimuli was based on pilot studies showing that a tetrahedron was 
matched to both a larger cube and a larger sphere and that a cube was matched to a 
larger sphere. Therefore, within a range, the selected tetrahedron reference was 
smaller than the cube and the sphere reference, and the cube reference was smaller 
than the sphere reference.  

The conditions were performed within 3 sessions, which were performed on 
different days or two on the same day but with at least 3 hours between the 
sessions. Object pair was randomized between sessions and reference weight and 
reference object were alternated within sessions. For each reference, 35 trials were 
performed, resulting for each subject in a total of 210 trials per session and 630 
trials for the complete experiment. On average, 2 hours per subject were needed to 
perform all the conditions 
 
Table 7.2:  The mass (m) and physical volume (V) of the reference stimuli used in 
Experiment 1. T is tetrahedron, C is cube and S is sphere. 
 

Small Medium Large  
m (g) V (cm3) m (g) V (cm3) m (g) V (cm3) 

T 25.2 3.0 42.0 5.0 58.8 7.0 
C 33.6 4.0 50.4 6.0 67.2 8.0 
S 42.0 5.0 58.8 7.0 75.6 9.0 
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Procedure 
On each trial, two stimuli (one test and one reference) were placed successively on 
the hand palm of the subject’s dominant hand. The order of the reference and test 
stimuli was randomized on each trial. The blindfolded subjects were instructed to 
enclose each stimulus, thereby perceiving its 3-D shape and volume. During 
enclosure, they were allowed to move their hand (hefting) in order to perceive the 
weight more accurately. These instructions were based on the stereotypic 
exploratory procedures associated with the perceptual encoding of object properties 
(Lederman & Klatzky, 1987). The task was to judge which of the two stimuli felt 
heavier. The stimuli were presented according to a computer-driven one-up-one-
down staircase procedure. The stimuli could be explored only once on each trial. 
The period of exploration was not restricted but was often just a few seconds.  
 
Data analysis 
Cumulative Gaussian distributions (f) as function of the physical mass (m) were 
fitted to the data, using the following equation:  

€ 

f (m) =
1
2
1 + erf m − µ

σ 2
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where µ is a measure of the point of subjective equality (PSE). Relative biases were 
calculated from these PSEs. For each object pair (e.g. tetrahedron-cube), the 
physical weight of the object mentioned first (i.e. tetrahedron) was subtracted from 
that mentioned second (i.e. cube) and divided by the average physical weight of 
these two objects. For example, if a subject perceived a tetrahedron of 42 g as being 
equal in weight to a cube of 30 g, then the resulting relative bias would be -33 %. A 
negative bias indicated that the object mentioned first in each object pair was 
perceived as being lighter. More details on this procedure can be found in 
Kahrimanovic et al. (2010a). A smaller set of the data from the present experiment 
has already been presented in a conference paper (Kahrimanovic et al., 2010b). 

These relative biases were used for the statistical analysis. The biases for the 
different reference weights were averaged, since there was no significant difference 
between them (linear regression analyses, with the size as a continuous variable, 
showed that the slopes of the regression lines were not significantly different from 
zero, p > 0.05). One-sample t-tests were performed to test whether the biases in 
each object pair comparison were significantly different from zero. 
 
7.3.2  Results 
 
The individual and average biases for the three object pairs are shown in Fig. 7.1. 
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The t-tests revealed that only the average tetrahedron-cube bias (mean = -21 %, SE 
= 4 %) was significantly different from zero, t13 = -5.7, p < 0.001. The tetrahedron 
was perceived as being significantly lighter than the cube with only one subject 
(LC) performing differently. The average biases in the tetrahedron-sphere and cube-
sphere conditions, -11 % (SE 6 %) and 2 % (SE 4 %) respectively, were not 
significant, p > 0.05. Nevertheless, some subjects showed large biases also in these 
conditions, but the direction of the biases was subject-dependent. Some subjects 
perceived the sphere as being heavier than the tetrahedron or the cube (e.g. subjects 
ER and TM), while others perceived it as being lighter (e.g. subjects WP and LD). 
Overall, the subjects with negative biases in the tetrahedron-sphere comparison 
showed also negative biases in the cube-sphere comparison. Subject JT was the 
main exception to this pattern. 

A possible test of the within-subjects consistency may be based on the 
assumption that the sum of the tetrahedron-cube bias and the cube-sphere bias 
should result in the tetrahedron-sphere bias. If, for example, a tetrahedron of 5 g is 
perceived as being equal in weight to a cube of 3 g, and this cube of 3 g is perceived 
as being equal to a sphere of 2 g, then consequently the tetrahedron of 5 g and the 
sphere of 2 g shall be perceived as equal, if individual subjects performed 
consistently between conditions. Pearson correlation analyses were performed on 
the calculated biases (the absolute bias in g for the tetrahedron-cube added to the 
absolute bias from the cube-sphere condition and expressed in terms of the 
tetrahedron reference) and the measured tetrahedron-sphere biases, revealing a 
strong correlation (r = 0.8, p < 0.05).  
 
7.4   Experiment 2: Magnitude estimation 
 
The second experiment investigated the robustness of the shape-weight illusion. In 
Experiment 1, subjects had to compare the weight of two differently shaped objects 
directly to each other. The results showed consistent biases in the tetrahedron-cube 
comparison and large individual differences in the other object pair comparisons. 
Experiment 2 investigates whether the same pattern will occur with another test 
method, in which subjects had to provide an estimate of the weight of each stimulus 
separately. Obtaining comparable results with the two different methods will 
indicate that the shape-weight illusion is rather robust and that it does not only 
occur when two objects are compared directly (where the difference in shape is 
emphasized on each trial due to the direct comparison) but also when each object is 
judged separately.  
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Fig. 7.1 Individual and average relative biases for the three object pairs. The object 
pairs are indicated by the 2-D symbols in each figure. Each individual bar is an average 
of the biases measured for the six different references, with the standard deviation 
indicated with the error bars. The first seven subjects participated in Experiments 1 and 
2 (indicated in bold print), the last seven subjects only in Experiment 1. Within each 
subgroup, the subjects are ordered from the most negative to the most positive bias in 
the tetrahedron-sphere condition. The error bars for the mean represent the standard 
error. 
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7.4.1  Method 
 
Procedure 
The same stimuli as in Experiment 1 were placed on the hand palm of blindfolded 
subject, one at a time. As in Experiment 1, the subjects were instructed to enclose 
each stimulus before responding. They were asked to give each stimulus a 
numerical value proportional to the perceived weight of the stimulus. They could 
assign any number (i.e. integer, fraction or decimal), but were asked to omit a 
response of zero. No standard stimulus was provided. Four blocks, each consisting 
of the total set of 39 objects, were performed with stimulus order randomized 
within each block. The four blocks were performed within one session lasting for 
about 40 minutes.  
 
Data analysis 
For each stimulus, the median of the four magnitude estimates per stimulus was 
calculated and used for the data analysis. The data were analyzed in two ways. First, 
for each subject and each shape, the medians of the 13 stimuli were averaged, 
resulting in an overall magnitude estimate for each shape. Subsequently, the effect 
of shape on perceived weight was analyzed by forming three object pairs: 
tetrahedron-sphere, tetrahedron-cube and cube-sphere. The overall magnitude 
estimates were used to compute relative biases for each object pair in the same way 
as in Experiment 1, with the exception that in this experiment the overall magnitude 
estimate given to the shape mentioned second was subtracted from that mentioned 
first and divided by the average magnitude estimate of these two shapes. These 
relative biases enabled us to test for effects of shape and to compare the results from 
the present experiment with the biases measured in Experiment 1. Note that the 
biases in Experiment 1 were measured directly, since two objects were compared 
directly on each trial, while in this experiment they were derived from the 
magnitude estimates. 

A second analysis was performed in order to illustrate, for each shape, the 
relationship between the weight of the stimuli and the magnitude estimates. Since 
the subjects were free to use their own range, the data were first normalized; for 
each subject, the raw score for a given stimulus was divided by the mean of all 
scores for that subject. This number was then multiplied by the grand mean of all 
subjects. The same scale-equation procedure was used previously by Ellis and 
Lederman (1998, 1999). Subsequently power functions were fitted to these 
normalized magnitude estimates. A power function was chosen since Stevens 
proposed that magnitude estimations increase in proportion to the stimulus intensity 
raised to a power (Stevens, 1957). 
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7.4.2  Results 
 
Fig. 7.2 shows the calculated individual and average relative biases for each object-
pair. The average biases were -7 % (SE 2 %), -8 % (SE 3 %) and 0 % (SE 2 %) for 
the tetrahedron-cube, tetrahedron-sphere and cube-sphere pairs, respectively. The 
figure also shows that, as in Experiment 1, large interindividual differences 
occurred during the comparison of a sphere to a tetrahedron or to a cube. The t-tests 
revealed that the biases for the tetrahedron-cube and the tetrahedron-sphere pairs 
were significantly different from zero, t13 = -3, p < 0.05 and t13 = -2, p < 0.05. The 
cube-sphere bias was not significant, t13 = -0.5, p = 0.7. In addition, a comparison 
between the tetrahedron-cube and the tetrahedron-sphere biases, performed with a 
dependent t-test, showed that they did not differ significantly, t13 = 0.7, p = 0.7.  

A comparable pattern can be observed by plotting, for each object shape, the 
magnitude estimates as a function of object weights. Fig. 7.3 shows the average 
(normalized) magnitude estimates for the 13 object weights (horizontal axis) and 
the 3 object shapes (different symbols). Power functions were fitted to the data. The 
best-fit functions were:   
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with m indicating the mass in g. The 95 % confidence in intervals for the power 
function exponents were [0.8 – 1], [0.8 – 0.9] and [0.8 – 0.9] for the three shapes 
respectively. As can be seen in the figure, the magnitude estimates for the 
tetrahedron are on average lower than these for the cube and the sphere, indicating 
that the tetrahedron was perceived as being lighter. The magnitude estimates for the 
cube and the sphere were almost the same.                
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Fig. 7.2 Individual and average relative biases for the three object pairs for 
Experiment 2. The first seven subjects participated also in Experiments 1 and the 
ordering is the same as in Fig. 7.1. The error bars represent the standard error. Note that 
the cube-sphere bias follows directly from subtracting the tetrahedron-cube bias from 
the tetrahedron-sphere bias, because the biases are calculated from the magnitude 
estimates given to each shape. 
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Fig. 7.3 Average normalized magnitude estimates for the different weights and 
shapes, with fitted power functions. The 2-D plot symbols correspond to their 3-D 
counterparts. Error bars were omitted for clarity. 
 
7.5   Direct comparison versus magnitude estimation 
 
As described earlier, seven subjects participated in both Experiment 1 and 2. The 
complete data set of these subjects is presented in Fig. 7.4. For the comparison of 
the two experiments, we are mainly interested in the direction of the biases. The 
magnitudes of the biases cannot be compared directly because the biases are 
derived in different ways. In Experiment 1 they are measured directly, whereas in 
Experiment 2 they are calculated from the magnitude estimates. A difference in the 
magnitude of the biases may be caused by this difference in calculation and not by 
the difference in test method itself. Fig. 7.4 shows that the majority of the subjects 
performed consistently between the two experiments: those who had a negative 
(positive) bias in Experiment 1 also had a negative (positive) bias in Experiment 2. 
This was true for 16 of the 21 data points (76 %). There are only some exceptions to 
this pattern: subjects CM and FC in the tetrahedron-cube comparison, JT in the 
tetrahedron-sphere comparison, and TM and CM in the cube-sphere comparison. 

The similarity between the experiments is also apparent when we explore the 
complete data set as presented in Fig. 7.1 and 7.2. The figures show a qualitatively 
similar pattern. For example, both figures show that the majority of subjects show 
negative biases in the tetrahedron-cube condition. The largest range of biases can be 
found for both experiments in the tetrahedron-sphere condition. Also, the biases in 
the cube-sphere condition are equally distributed around zero in both experiments. 
These similarities suggest that the direction of the biases is independent of the test 
method. 
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Fig. 7.4 Individual relative biases for the subjects who participated in both 
experiments. The letters indicate the different subjects. The square plot symbols indicate 
the subjects who performed inconsistently between the two experiments. 
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7.6   General discussion 
 
The present experiments reveal a large effect of shape on weight perception, 
although the direction and the magnitude of the biases were subject dependent. 
Comparable overall patterns of these biases occurred when subjects compared two 
differently shaped objects directly to each other (Experiment 1) and when subjects 
estimated the magnitude of each object separately (Experiment 2). Furthermore, 
from Experiment 2 we can conclude that the power function exponents of the best-
fit functions are less than 1. This resembles results by Curtis, Attneave and 
Harrington (1986) and Rule and Curtis (1976), who  showed (although for a 
different range of stimuli) that the power function exponent for lifted weights was 
0.8 and 0.9, respectively.  

The present two experiments revealed that in the tetrahedron-cube comparison 
the perceptually larger object (tetrahedron) was perceived as lighter, with just a few 
exceptions. The direction of this effect is consistent with the predictions from the 
size-weight (Ellis & Lederman, 1993) and the shape-size illusions (Kahrimanovic et 
al., 2010a), as well as with Dresslar’s study with objects that differed only along 
two dimensions (Dresslar, 1894). This suggests that the effect of 3-D shape on 
perceived weight is caused by the haptically perceived size of the objects. Koseleff 
also showed that judgments of weight are influenced by the perceived size of an 
object, although the size information in his experiments was perceived visually by 
viewing objects through convex or concave lenses (Koseleff, 1957).  

The results from the tetrahedron-sphere and the cube-sphere comparisons are 
not in line with this conclusion. In these conditions, some subjects perceived the 
perceptually larger object as lighter, while others perceived the perceptually smaller 
object as lighter, with individual subjects showing large biases up to an absolute 
magnitude of about 40 %. Despite this variation, the correlation analysis in 
Experiment 1 showed that the subjects performed consistently between conditions. 
It was expected that the direction of the shape-weight illusion would be consistent 
between subjects, since the direction of the haptic shape-size (Kahrimanovic et al., 
2010a) and size-weight illusions (see review in Jones, 1986) were fairly consistent 
between subjects. The large interindividual differences in the present study suggest 
that the occurrence of the haptic shape-weight illusion with small 3-D objects 
cannot be explained completely by a combination of the results from the size-
weight and the shape-size illusions. This conclusion is also supported by the 
difference in the magnitude of the measured and the predicted biases. It was 
predicted that the bias would be the largest in the tetrahedron-sphere comparison 
and the smallest in the tetrahedron-cube comparison (Table 7.1). In contrast, the 
present study shows the largest bias in the tetrahedron-cube comparison, with an 
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average of about -14 % for the two experiments together, and the smallest bias in 
the cube-sphere comparison, with an average bias of about 1 %. Hence, we have to 
conclude that the haptically perceived size is not the only factor that mediates the 
influence of 3-dimensional shape on perceived weight without visual information.  

An interesting observation is that the individual differences in the direction of 
the biases are mainly observed in the conditions including a sphere. A possible 
interaction between the curved surface of the sphere and the subjects’ hand posture 
may explain the variation in the data. Assuming that the judgment of weight is 
made at the moment that the objects are placed on the hand, the size of the object’s 
area that is in contact with the skin at that moment would be smaller when the hand 
is stretched out than when it is cupped. How far the hand is cupped could differ 
between subjects, and this could result in the interindividual differences in the 
direction of the illusion. For a tetrahedron or a cube, the contact area did not differ 
because of a flat base, and maybe therefore smaller individual differences are 
observed for the tetrahedron-cube biases.  

The present study emphasizes that we cannot ignore the influence of an object’s 
3-D shape on weight perception, since large perceptual biases are observed. This 
effect cannot be explained completely by a combination of the size-weight and the 
shape-size illusions. At this moment, we can only speculate about possible 
explanations. Nevertheless, it is important to report the present experiments and 
their results for at least two reasons. First, this study provides a comprehensive 
characterization of the purely haptic shape-weight illusion with 3-D objects. 
Second, studies mention the work of Dresslar (1894) as the main study on the 
shape-weight illusion (for example Ellis & Lederman, 1998, 1999; Amazeen & 
Turvey, 1996; Valdez & Amazeen, 2008). The present study, which is more 
systematic and controlled, agrees with Dresslar in that the shape of objects has an 
effect on the perceived weight. However, our results reveal that the processes 
involved in this phenomenon are not so unambiguous and simple, and that the 
illusion could not be explained by only the influence of haptically perceived size on 
perceived weight.  
 
 
 



 

CHAPTER 8 
 

The bimodal shape-weight illusion 
 

 
 
Abstract  
 
In the present study, the influence of the shape of 3-dimensional objects on the 
perception of their weight was investigated under bimodal conditions. A group of 
14 subjects were presented with sets of brass tetrahedrons, cubes and spheres 
varying in weight from 16.8 to 117.6 g. They had to explore the objects by touch 
while looking at them. A magnitude estimate of perceived weight was obtained at 
each trial. The direction and the magnitude of the bimodal shape-weight illusion 
were measured. The results showed a significant effect of shape on perceived 
weight; a sphere was perceived as being significantly heavier than a tetrahedron of 
the same physical weight. The present results were compared to a purely haptic 
form of this illusion. The observed effects of shape on weight perception were 
independent of the availability of visual information during the task. This indicates 
that visual cues have no influence on the shape-weight illusion, and that haptic cues 
are sufficient for the occurrence of an illusion of the same strength as the bimodal 
illusion. 
 
 
 
 
 
 
 
 
 
 
 
 
 
M. Kahrimanovic, W. M. Bergmann Tiest, and A. M. L. Kappers (submitted). 
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8.1   Introduction 
 
During the day, people are continuously exploring objects that they encounter in 
their environment. The exploration can proceed visually (looking at the object), 
haptically (exploring the object by touch) or bimodally (looking at and feeling the 
object at the same time). In these ways, the observer can perceive numerous 
properties of the objects, e.g. shape, size, color, material, weight.  Studies have 
shown that comparison of object properties is not always veridical and that one 
specific object property may influence the perception of another one, resulting in 
perceptual illusions. Three illusions are relevant for the present paper. First, the 
size-weight illusion that describes the influence of the size of objects on the 
perception of their weight (e.g. Ellis & Lederman, 1993; Murray, Ellis, Bandomir & 
Ross, 1999; Pick Jr & Pick, 1967). Second, the shape-size illusion that describes the 
influence of the shape of 3-dimensional objects on the perception of the size of 
these objects (Kahrimanovic et al., 2010a, 2010c). And third, the shape-weight 
illusion that describes the influence of the shape of objects on the perception of 
weight (Dresslar, 1894; Kahrimanovic et al., 2010b, in press). Fig. 8.1 illustrates the 
relations between the different object properties involved in these illusions, for both 
conditions with and without visual cues. As can be seen in the figure, the focus of 
the present study will be on the influence of the shape of objects on the perception 
of their weight under conditions with visual information, thus investigating the 
bimodal shape-weight illusion. The present ideas are related to theories concerning 
the influence of visual information on the size-weight illusion, which are therefore 
discussed first. 

The size-weight illusion has been demonstrated already in 1891 by Charpentier 
(Murray et al., 1999). He found that, when subjects were asked to compare the 
weight of two objects (e.g. two spheres) of the same physical weight but differing in 
their physical size, the majority of the subjects would indicate the relatively smaller 
object to be heavier. This illusion became subject of a large number of studies, and 
proved to be a rather robust effect (for a short overview see the review by Jones, 
1986). For the majority of the size-weight illusion experiments, the size information 
could be perceived both visually and haptically. In addition to these traditional 
experiments, a number of studies have been conducted in order to address the 
relative contribution of visual and haptic size information to the size-weight 
illusion.  
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Fig. 8.1 Illustration of the possible relation between shape, size and weight, in 
conditions with and without visual cues. The arrows indicate the, for this paper relevant, 
directions of the influence of one property on the perception of another one. For each 
relation between two properties the most relevant studies are indicated. 
 
In a study by Pick Jr. and Pick (1967), weight estimates of objects were made while 
size information was obtained visually, haptically or bimodally. In the bimodal 
condition, subjects were asked to lift weights, to feel them and to look at them. In 
the haptic condition, they were blindfolded while lifting and feeling the objects. 
Finally, in the visual condition they were asked to look at the objects while lifting 
them by strings. In this way, the haptically perceived size information was 
eliminated, allowing the contribution of visually obtained size information to be 
investigated in isolation. The results showed that, for subjects older than about 12 
years, the magnitude of the illusion in the visual condition was smaller than that in 
the haptic and the bimodal conditions, and that the last two conditions produced 
almost the same magnitude. This finding revealed that the size-weight illusion was 
manifested during purely haptic conditions, showing that visual size cues were not 
necessary for the illusion to occur. The visual cues seemed only to be sufficient for 
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the occurrence of an illusion that was weaker in magnitude. Masin and Crestoni 
(1988) showed in their experiments that for the occurrence of this purely visual 
illusion, the visual size cues must be available at the same time as the object was 
lifted. Visual size information prior to the lift was not sufficient. In addition, Kawai, 
Henigman, MacKenzie, Kuang and Faust (2007) showed that the size-weight 
illusion with visual information got stronger as the size difference between the two 
comparison objects increased.  

Inspired by the study of Pick Jr and Pick (1967), Ellis and Lederman (1993) 
provided additional support for the existence of the purely haptic size-weight 
illusion across a broader range of stimulus weights and volumes. Their results 
resembled those of Pick Jr and Pick: the magnitude of the haptic illusion was equal 
to the traditional illusion (i.e. with both haptic and visual cues), and the magnitude 
of the visual illusion was significantly smaller. From this, the authors concluded 
that haptic volume cues were both sufficient and necessary for a full-strength 
illusion. In addition, Amazeen (1997) showed that when the size information was 
perceived only haptically, an increase in volume could produce either a decrease or 
an increase in perceived heaviness. The decrease in perceived heaviness was 
observed in conditions in which the increase in volume was due to an increase in 
the length of the objects, while an increase in perceived heaviness was observed 
when the increase in volume was due to an increase in the width of the objects. On 
the other hand, an increase in volume resulted always in a decrease in perceived 
heaviness if subjects could both feel and see the objects during manipulation. 
Hence, the size-weight illusion was stable during conditions with visual 
information, and less stable during haptic conditions. Taken together, these studies 
illustrate that the size-weight illusion could occur under a variety of modality 
conditions, but that the magnitude of the illusion differed depending on whether the 
size information was available visually, haptically or bimodally.  

As illustrated in Fig. 8.1, the perceived weight of objects is not only influenced 
by the size of the objects but also by their shape, resulting in the shape-weight 
illusion. A purely haptic form of this illusion has been investigated in our previous 
studies (Kahrimanovic et al., 2010b, in press). The subjects in these studies were 
blindfolded and they had to perceive the weight of differently shaped 3-dimensional 
objects. The results showed that the shape-weight illusion could occur under these 
purely haptic conditions. In general, the objects that were perceived to be the 
smallest in volume, as tested in the study on the shape-size illusion (Kahrimanovic 
et al., 2010a), were perceived to be the heaviest. These results demonstrated that 
haptic cues were sufficient for the occurrence of the shape-weight illusion, 
comparable to the findings for the size-weight illusion.  
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The exact contribution of visual cues to the shape-weight illusion has not been 
investigated extensively. Some ideas can be deduced from a study performed by 
Dresslar (1894), although he did not control the influence of modality. In that study, 
the stimulus set consisted of differently shaped objects varying along two 
dimensions (ranging from disks and rectangles to irregular shapes) made out of 
sheet lead, all with the same unreported thickness, area and weight. The subjects 
were asked to order the stimuli according to the perceived heaviness. They were 
free to select their own exploratory strategy: They were allowed to place the objects 
on the hand palm, to grasp the objects between the fingers, or even to attach strings 
to the objects and to lift them by the strings. Some statements in the text suggest 
that the majority of the subjects selected these last two strategies, eliminating the 
haptic information about the shape of the objects. Despite these large variations in 
the way the objects were explored, the results were similar for all subjects. The 
objects that appeared to be the smallest, according to the author’s subjective 
observation, were judged to be the heaviest. These results suggest the occurrence of 
a shape-weight illusion for objects varying along two dimensions under different 
modality conditions. However, this study was methodologically highly uncontrolled 
and since the subjects were completely free in their exploration of the stimuli the 
reliability of the conclusions regarding the influence of modality is questionable.  

The main purpose of the present study was to investigate the existence of the 
bimodal shape-weight illusion under more controlled experimental conditions. 
Moreover, the stimuli in the present study varied along three dimensions, 
investigating the influence of the shape of 3-dimensional objects on the perceived 
weight. In addition, in order to investigate the contribution of visual cues to the 
shape-weight illusion the data obtained during the present bimodal experiment were 
compared to the data obtained during purely haptic conditions from a previous 
experiment conducted at our lab (Kahrimanovic et al., in press).  

 
8.2   Methods 
 
Subjects 
A total of 14 subjects participated in this experiment. Six were male and eight 
female, with a mean age of 22 years (SD 3 years). All had normal or corrected to 
normal vision, and all were right-handed as tested by Coren’s handedness 
questionnaire (Coren, 1993). The subjects were paid for their participation. The 
present experiment was conducted at the same time as experiment 2 of our previous 
study on the haptic shape-weight illusion (Kahrimanovic et al., in press). Therefore, 
the same subjects participated in both studies, with the order of the two modality 
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conditions balanced between subjects. This allowed direct comparison of the 
bimodal and the haptic data.  
 
Stimuli 
The stimuli were sets of tetrahedrons, cubes and spheres, which were the same as 
those from our previous studies on volume perception and on the haptic shape-
weight illusion (Kahrimanovic et al., 2010a, 2010b, in press). Their weight ranged 
from 16.8 to 117.6 g, in steps of 8.4 g (i.e. 1 cm3). The volume co-varied 
consistently with the weight, ranging from 2 to 14 cm3. The stimuli were made out 
of brass and were coated black. Fig. 8.2 shows the stimulus set. 

 
Fig. 8.2 The tetrahedrons, cubes and spheres used in the present experiment. The 
weight of the objects increases consistently with an increase of their volume, as 
indicated at the bottom of the figure.  
 
Procedure 
The subjects were seated on a chair and were asked to rest the elbow of their 
dominant hand on the table and to hold their hand above the table surface, with the 
hand palm facing upwards. The stimulus set was kept out of the view of the subjects 
before and during the experiment. The stimuli were placed on the hand palm of the 
subject, one at a time. During each trial, the subjects were instructed to look at the 
stimulus and to enclose each stimulus before responding. In this way, the shape and 
the volume of the objects would be perceived both visually and haptically. The 
subjects were allowed to move their hand (hefting) in order to perceive the weight 
of the stimuli more accurately. At each trial, the subjects were asked to give each 
stimulus a numerical value proportional to the perceived weight of the stimulus. 
They could assign any positive number (integer, fraction or decimal), and were 
asked to omit a response of zero. No standard stimulus was provided. The weight of 
each stimulus was estimated four times, in four separate blocks. Each block 
consisted of the total set of 39 objects (i.e. 13 for each of the three shapes), and 
stimulus order was randomized within each block. The four blocks were performed 
within one session lasting for about 40 minutes.  
 
 

16.8 g 117.6 g
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Data analysis 
The present data were analyzed together with the data from experiment 2 from the 
study on the haptic shape-weight illusion (Kahrimanovic et al., in press). This 
created the opportunity to compare the direction and the magnitude of the bimodal 
and the haptic illusions directly. In contrast to the previous analyses and 
presentation of the haptic data that were mainly focused on relative perceptual 
biases, the current study presented and analyzed the power functions that were used 
to describe the estimates of weight. First, the median of the four magnitude 
estimates per stimulus was calculated. Subsequently, these data were normalized, 
since the subjects were free to use their own range. For each subject, each score was 
first of all divided by the mean of all scores for that subject (i.e. the scores for all 
objects and both modalities). This number was then multiplied by the grand mean 
of all subjects. The same scale-equation procedure was used previously by Ellis and 
Lederman  (1998, 1999). 

Subsequently, power functions were fitted to these normalized magnitude 
estimates. These functions may be written as 

  

€ 

R = c ma ,     (1) 
where R is the subjective intensity, m the mass of the stimulus in g, c a scale factor, 
and a the exponent of the function. A power function was chosen since Stevens 
(1957) proposed that magnitude estimations increase in proportion to the stimulus 
intensity raised to a power. The exponent a used in the fits for the present data 
analysis was a fixed value identical for all conditions, which has been estimated by 
fitting (1) to the complete data set (i.e. all objects and both modalities). This 
parameter was constrained because it may be assumed that the power function 
exponent is specific for a particular perceptual dimension (i.e. weight), and that the 
scale constant may vary depending on other factors (i.e. shape, modality). The value 
for the exponent of the function derived from this fit was 0.83. Subsequently, 
functions for each combination of shape and modality for each individual subject 
were fitted using a as a fixed parameter and c as a free parameter.  

In order to test whether shape and modality had significant effects on the 
magnitude estimates, a repeated measures ANOVA with shape (sphere, cube, 
tetrahedron) and modality (haptic, bimodal) as within-subjects factors was 
performed on the scale constants derived from the power functions. Another test for 
the effect of shape and modality on the weight estimates may be a comparison of 
the magnitude estimates given to the different objects. For this purpose, the overall 
magnitude estimates were used. The overall magnitude estimates for each subject 
were calculated by averaging the magnitude estimates of the 13 stimuli from each 
shape and each experiment. In this way, for each subject 6 different overall 
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magnitude estimates were obtained. Again, an ANOVA with shape and modality as 
within-subjects factors was performed on the magnitude estimates.  

 
8.3   Results 
 
Fig. 8.3 shows the average (normalized) magnitude estimates for the 13 object 
weights (horizontal axis) and the 3 object shapes (different symbols) for the data 
obtained in the present experiment as well as for the data from the experiment on 
the haptic shape-weight illusion. The best-fit power functions fitted to the data are 
also shown in the figure. As can be seen, the magnitude estimates increased with an 
increase of the mass of objects. The figure also illustrates that, on average, lower 
magnitude estimates are given to the tetrahedron than to the other shapes, 
suggesting that the tetrahedron is perceived as lighter. This pattern is observed for 
both the bimodal and the haptic data.  
 

 
Fig. 8.3 Average normalized magnitude estimates expressed as function of the 
physical weight of the objects. The 2-D plot symbols correspond to their 3-D 
counterparts. The figure includes also the power functions that were fitted to the 
average data. The figure on the left shows the data measured during bimodal conditions, 
and the figure on the right the data obtained during haptic conditions. Error bars were 
omitted for clarity. 
 

In order to quantify these observations, the average scale constants and the 
average magnitude estimates in the different conditions are shown in Table 1. 
Statistical analyses performed on these data revealed that the shape of objects had a 
significant effect on the scale constants (F2,26 = 7.7, p < 0.01) as well as on the 
magnitude estimates (F2,26 = 5.8, p < 0.01). No significant effect of modality was 
found either for the scale constants (F1,13 = 0.58, p = 0.46) or for the magnitude 
estimates (F1,13 = 1.1, p = 0.31). Furthermore, no significant interaction effects 
between shape and modality were observed (F2,26 = 2.1, p = 0.16 and F2,26 = 3.1, p = 
0.091, for the scale constants and the magnitude estimates respectively). The 
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significant effects of shape were explored further by way of Bonferroni corrected 
pairwise comparisons, showing that the scale constants as well as the overall 
magnitude estimates for the tetrahedron were significantly lower than these for the 
sphere (p < 0.05). This reveals that the tetrahedron was perceived as significantly 
lighter than the sphere. This result is independent of modality, since no significant 
interaction effects were found. All other object comparisons were not significant.  
 
Table 8.1 The left part of the table shows for the different shapes and modalities the 
average scale constants, with standard error (SE), derived from the best-fit power 
functions. The right part of the table shows the average normalized magnitude estimates 
with standard errors given to the different shapes in both modalities.  

Average scale constants Average magnitude estimates Shape 
Bimodal SE Haptic SE Bimodal SE Haptic SE 

Sphere 0.338 0.008 0.328 0.010 11.2 0.3 10.7 0.3 
Cube 0.326 0.009 0.323 0.006 10.7 0.3 10.6 0.2 
Tetrahedron 0.317 0.007 0.301 0.008 10.5 0.2 9.9 0.3 
 
8.1   Discussion 
 
The present study investigated the bimodal shape-weight illusion with 3-D objects 
and revealed a significant effect of shape on the perception of weight. Overall, the 
sphere was perceived to be significantly heavier than the tetrahedron. This effect 
manifested itself in a significantly higher scale constant of the best-fit power 
function as well as a significantly higher overall magnitude estimate for the sphere 
compared to the tetrahedron. This finding can be related to a previous study on 
bimodal volume perception, which showed that a sphere was perceived as being 
smaller in volume than a tetrahedron of the same physical volume (Kahrimanovic et 
al., 2010c). Combining that finding with the present results, we can conclude that 
the perceptually smaller object was perceived as being heavier than the perceptually 
larger object. This resembles the observations from the study by Dresslar (1894) 
that also suggested that objects appearing as smaller or more compact were 
perceived as being heavier. However, the influence of modality was not controlled 
during that study and therefore the present study is the first reliable measurement of 
a bimodal shape-weight illusion. Furthermore, the present study investigated the 
effect of the shape of 3-D objects whereas the objects in the study by Dresslar 
varied only along two dimensions.  

The fact that the present effect of shape on weight perception is only found for 
the sphere compared to a tetrahedron, and that the perceived weight of a cube did 
not differ from that of a tetrahedron or a sphere, is interesting. In our study on the 
bimodal shape-size illusion, it has been shown that a tetrahedron is not only 
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perceived as larger than a sphere of equal physical volume but also as larger than a 
cube, and a cube was perceived as being larger than the sphere. The largest effect of 
shape on perceived volume was observed in the tetrahedron-sphere comparison. 
That bias was significantly larger than the biases for the tetrahedron-cube and the 
cube-sphere comparisons. Biases in these last two comparisons did not differ 
significantly (Kahrimanovic et al., 2010c). If we assume that the effect of shape on 
weight perception is mediated by the perceived size of objects (which is in turn 
influenced by the shape of objects), then it would be logical that a stronger effect of 
shape on size would result in a stronger effect of shape on weight. This may explain 
why only the estimates for the tetrahedron and the sphere were found to be 
significantly different. This reasoning resembles findings by Kawai et al. (2007) 
who showed that the size-weight illusion occurred for the majority of subjects under 
conditions having sufficient size differences between the two comparison objects. 
When the size difference decreased, fewer subjects experienced the illusion. 

In addition to the investigation of the effect of shape on weight perception 
during bimodal conditions, the present study compared the bimodal data to a part of 
the data obtained during a previous study on the purely haptic shape-weight illusion 
(Kahrimanovic et al., in press). This comparison showed that availability of visual 
information had no influence on the direction or the strength of the shape-weight 
illusion, revealing that haptic cues are sufficient for the occurrence of a shape-
weight illusion of the same strength as the bimodal illusion. This finding may be 
related to modality effects observed during the shape-size illusion, for which no 
significant differences were found between haptic and bimodal conditions 
(Kahrimanovic et al., 2010c). Consequently, if a relationship between the shape-
size and the shape-weight illusions exists, a modality effect would not be expected 
for the shape-weight illusion. Indeed, the present study shows no significant 
modality effect. Furthermore, this similarity between the bimodal and haptic 
illusions resembles findings from Ellis and Lederman (1993) and Pick Jr and Pick 
(1967) concerning the size-weight illusion. When testing the size-weight illusion 
during different modality conditions, they found no significant difference between 
the illusions obtained bimodally or haptically. Together with those studies, the 
present study provides further support for the notion that weight estimates made 
when both visual and haptic information is available are comparable to those made 
with haptic information only.  

Finally, the present results may be related to theories that have been put forward 
to explain the size-weight illusion. One major theory that has been proposed to 
explain this illusion is the expectation theory, which states that there is a learned 
correlation between the size and the weight of objects, resulting from prior 
experience by which observers have learned that larger objects are heavier than 
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smaller objects of the same material (Davis & Roberts, 1976; Gordon, Forssberg, 
Johansson & Westling, 1991a; Gordon, Forssberg, Johansson & Westling, 1991b; 
Ross, 1969). This expectancy influences the muscle forces involved in lifting the 
objects, resulting in a larger muscle forces being applied for the lift of the larger 
objects. If the larger object then has the same physical weight as the smaller one, 
the oversized lift force will result in the perception of the larger object as being 
lighter. This theory requires the percept of size to occur prior to the perception of 
weight in order to influence the expected weight of the object. In the haptic shape-
weight illusion experiment, the weight of the object is perceived at the moment the 
object was placed on the hand palm of the blindfolded subject. After that, the 
subject had to enclose the object and in that way the shape and the size of the object 
could be perceived. Hence, the weight was perceived prior to the size and shape. On 
the other hand, in the bimodal condition, the objects could be seen prior to the 
percept of weight (i.e. before the object was placed on the hand) and as a result size 
information could be obtained visually prior to the perception of weight. However, 
the illusions measured haptically and bimodally did not differ in strength. This 
suggests that the illusion is not influenced by the availability of prior information 
about the size of the objects, arguing against the expectation theory. In the same 
line, studies on the size-weight illusion have also opposed the expectation theory as 
an explanation for the illusion (Anderson, 1970; Kawai et al., 2007; Mon-Williams 
& Murray, 2000; Sjoberg, 1969), and proposed more sensory based theories that 
suggest that the size-weight illusion occurs due to a direct integration of weight 
information with the size information that is obtained at the same time.  

To sum up, the present study demonstrated the existence of a bimodal shape-
weight illusion with 3-D objects. In situations where a large difference in the 
perceived size of two objects existed, the perceptually smaller object was perceived 
as being heavier than the perceptually larger object. The direction and the 
magnitude of this effect were the same as these for experiments under purely haptic 
conditions. This indicates that visual cues have no influence on the shape-weight 
illusion, and that haptic cues are sufficient for the occurrence of an illusion of the 
same strength as the bimodal illusion.  
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CHAPTER 9 
 

Context effects in haptic perception of roughness 
 
 
 
Abstract  
 
The influence of temporal and spatial context during haptic roughness perception 
was investigated in two experiments. Subjects examined embossed dot patterns of 
varying average dot distance. A two-alternative forced-choice procedure was used 
to measure discrimination thresholds and biases. In Experiment 1, subjects had to 
discriminate between two stimuli that were presented simultaneously to adjacent 
fingers, after adaptation of one of these fingers. The results showed that adaptation 
to a rough surface decreased the perceived roughness of a surface subsequently 
scanned with the adapted finger, whereas adaptation to a smooth surface increased 
the perceived roughness (i.e. contrast after effect). In Experiment 2, subjects 
discriminated between subsequent test stimuli, while the adjacent finger was 
stimulated simultaneously. The results showed that perceived roughness of the test 
stimulus shifted towards the roughness of the adjacent stimulus (i.e. assimilation 
effect). These contextual effects are explained by structures of cortical receptive 
fields. Analogies with comparable effects in the visual system are discussed. 
 
 
 
 
 
 
 
 
 
 
 
 
 
M. Kahrimanovic, W. M. Bergmann Tiest, and A. M. L. Kappers (2009). Experimental 
Brain Research, 194, 287-297. 
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9.1   Introduction 
 
Relevant information that we receive from our environment must be processed 
while a large amount of irrelevant information stimulates our senses. The concept 
of how contextual information influences perception is important for the study of 
perception and cognition. The large number of studies concerning contextual 
influences on perception in, for example, the visual domain emphasizes the 
importance of this concept (e.g. Adelson, 1993; Cao & Shevell, 2005; Ware & 
Cowan, 1982; Webster et al., 2002). In the haptic modality, this concept has 
received less attention. However, during daily exploration by touch, we often 
perceive a particular object after having been in contact with some other object(s), 
or we explore different materials with different parts of the hand at the same time. 
Hence, the context in which haptic perception takes place may influence the 
perceptual experience. The current study was designed to investigate these 
contextual influences in the haptic perception of textured surfaces. These influences 
can roughly be subdivided into temporal and spatial influences of the context. 
 
9.1.1  Temporal context 
 
Roughness is one texture property that has been studied in some detail. Tactile 
roughness perception has been related to physical characteristics of the surface, like 
the spacing between and the height of surface elements (e.g. Connor et al., 1990; 
Connor & Johnson, 1992; Lederman, 1981; Lederman, 1983; Lederman & Taylor, 
1972). Furthermore, studies addressing the neural codes underlying the sensation of 
tactile roughness showed that subjective roughness is related to spatial variations in 
the firing rate of slowly adapting type I (SAI) mechanoreceptive neurons (Blake et 
al., 1997; Connor et al., 1990; Connor & Johnson, 1992). 

Some ideas about the influence of temporal context in the perception of textured 
surfaces can be deduced from studies investigating the contribution of vibratory 
adaptation to roughness perception. Lederman et al. (1982) showed that the 
perceived magnitude of supraliminal vibrotactile signals decreased after adaptation 
to vibrations. More recently, Hollins et al. (2001) found that adaptation to 
vibrotactile signals disrupted the discrimination of very fine textured surfaces 
(spatial period < 200 µm). Furthermore, it has been shown that this type of 
adaptation had no effect on roughness perception of coarse surfaces, like metal 
gratings (Lederman et al., 1982) and dotted patterns with spatial periods above 200 
µm (Hollins et al., 2001). Also, when adapting to a spatially textured surface instead 
of vibrotactile stimuli, no adaptation effects with coarse surfaces were found 
(Hollins et al., 2006). 
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However, DiCarlo et al. (1998) suggested that texture adaptation effects should 
be present in the case of coarse surfaces. They used random dot stimuli to study the 
structure of receptive fields in area 3b of the somatosensory cortex. The results 
revealed that most of these receptive fields have one or two inhibitory regions 
flanking a region of excitation. This resembles structures in the primary visual 
cortex, where many simple cells also have receptive fields with an excitatory region 
surrounded by flanking inhibitory areas (Hubel & Wiesel, 1962). If the structures 
are highly similar, then this could indicate that cells from different brain areas 
represent information in analogous ways. Visual cortex cells are highly susceptible 
to adaptation (Blakemore et al., 1973; Jones & Palmer, 1987). Adaptation causes a 
shift in the neuronal tuning of these visual neurons away from the level of the 
adapted value. Examples of such shifts have been found for dimensions like 
contrast (Carandini et al., 1997) and orientation (Dragoi et al. 2000). 

Hence, if analogous processing of information occurs within different 
modalities, it should be expected that somatosensory and visual neurons should also 
show comparable adaptation effects. Consequently, texture adaptation should 
influence the perceived roughness of coarse surfaces, in apparent contrast to what 
Hollins et al. (2006) found. Their stimuli consisted of regular dot patterns with 
relatively small distances between dots, whereas DiCarlo et al. (1998) used random 
dot patterns with much larger average distances between dots. It could be that the 
regular patterns with smaller dot distances are not appropriate for activating the 
neuron types described by Dicarlo et al. (1998); therefore, no adaptation effects 
were found in the Hollins’ et al. (2001) study. Another possibility is that the 
adaptation pattern used by Hollins was too weak to cause significant adaptation 
effects.   

In the first experiment of the current work, we used random dot patterns with 
relatively large average distances between dots and assumed that they will 
appropriately activate the neurons that are susceptible to adaptation. Subjects were 
asked to discriminate between the roughnesses of two surfaces presented 
simultaneously to two adjacent fingers, after adapting one of these fingers to a 
textured surface. It is hypothesized that texture adaptation will change the response 
patterns of neurons, resulting in changed perceived roughness of a subsequently 
perceived surface. 
 
9.1.2  Spatial context 
 
Besides temporal adaptation effects, another frequently studied concept in vision is 
the influence of spatial context on perception. An example is chromatic induction in 
the perception of colour (e.g. Cao & Shevell, 2005; Shevell & Wei, 2000; Webster 
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et al., 2002). In these studies, observers had to judge the perceived colour of test 
surfaces, while simultaneously viewing inducing backgrounds composed of 
different colours. Two different types of induction were demonstrated: contrast and 
assimilation. Contrast occurs when the perceived appearance of the test shifts away 
from the appearance of the inducing stimulus; assimilation occurs when the 
appearance of the test shifts towards the appearance of the inducer. It has been 
proposed that factors like spatial frequency (Smith et al., 2001), luminance contrast, 
width of the inducing ring and receptive field organization (Cao & Shevell, 2005) 
play an important role in the transition from chromatic assimilation to chromatic 
contrast.  

In the haptic modality, spatial context can be described as the interaction of 
information simultaneously received from different parts of the hand or, more 
specifically, from different fingers. Using sandpaper as stimuli, Dorsch et al. (2001) 
showed that when two fingers scanned surfaces with different grit numbers, the grit 
number presented to the non-attended finger had no effect on perceived roughness 
with the attended finger. This result suggests that there is no interaction between 
signals from different fingers and, hence, no influence of the spatial context on 
roughness perception. 

However, studies using magnetoencephalography (MEG) and microelectrode 
recordings demonstrated interactions between finger representations. Researchers 
found multi-finger or wide-field receptive fields, which cover more than one finger, 
in area 1 neurons of the primary somatosensory cortex as well as in the medial part 
of the cortical finger region (Biermann et al., 1998; Forss et al., 1995; Iwamura et 
al., 1983). In general, these studies found an inhibition effect of the cerebral signal 
when multiple fingers were stimulated by mechanical stimulations of high-level 
intensities. When using low-level stimulations, which are more representative of the 
signals that we receive from our natural environment, the input from two fingers 
produced additive or facilitatory interactions in the early component of the cerebral 
potential (Gandevia et al., 1983). Furthermore, a number of studies have 
demonstrated the existence of multi-finger receptive fields in areas of the second 
somatosensory cortex (Fitzgerald et al., 2006; Sinclair & Burton, 1993). Together, 
these results suggest that spatial context should influence perception. The fact that 
no interactions were found in the experiment by Dorsch et al. (2001) could be due 
to their use of sandpaper as stimuli. As argued by Hollins et al. (2006), the use of 
abrasive papers can cause damage to the skin and therefore alter the biophysical 
response to the stimuli. Consequently, it is not possible to draw consistent 
conclusions about the influences of spatial context on haptic roughness perception. 

Our second experiment was designed to shed new light on spatial contextual 
influences in the haptic perception of roughness. The integration of information 
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received from different fingers when scanning textured surfaces was investigated. 
Subjects were asked to discriminate between successively scanned surfaces while 
an adjacent finger was simultaneously scanning another surface varying in 
roughness. Based on neurophysiological studies concerning multi-finger receptive 
fields, we hypothesize that roughness information received from adjacent fingers 
will cause interaction effects. These effects will likely resemble chromatic 
assimilation rather than contrast effects, as Gandevia et al. (1983) has shown that 
low-level stimuli produces additive interactions. 

 
9.2   General methods 
 
Subjects 
Ten subjects (six female and four male, mean age 20.2 years) participated in both 
experiments. To control for order effects, five subjects performed Experiment 1 
before Experiment 2, and the other five participated in the reverse order. Nine 
subjects were strongly right-handed, and one was strongly left-handed, as 
established by Coren’s handedness questionnaire (Coren, 1993). All subjects were 
experimentally naive and were paid for their participation. Before starting the first 
experiment, they provided written informed consent. 
 
Stimuli  
The stimuli used in both experiments were a set of embossed dot surfaces. The dot 
patterns were embossed on paper (weight 160 g/m2) using an Emprint Braille 
Embosser (ViewPlus Technologies, emboss printing resolution 20 dots/inch). Each 
pattern was then pasted on 2.6 mm-thick cardboard. It was necessary that the 
physical characteristics of the dots, especially the height profile, remained constant 
during the experiment. Therefore, every new condition of every subject began with 
a new stimulus set. 

A total of 12 different patterns were constructed. Each pattern consisted of a 
specific part of 5.08 × 5.08 mm. This part was repeated 5 times in the horizontal 
and 20 times in the vertical direction, resulting in a 25.4 mm wide and 101.6 mm 
long stimulus pattern. One such specific part was composed of dots (height 0.4 mm, 
diameter 0.8 mm) placed in the centers of a regular 4 × 4 grid (Fig. 9.2A). The 
sequence of the 12 different patterns, with decreasing dot densities, was constructed 
by repeatedly removing one random dot from the previous specific part in the 
sequence (Fig. 9.1). For each pattern, the average centre-to-centre distance between 
dots was calculated by taking the square root of the inverse dot-density. 
Consequently, for the complete stimulus set, the average distances between dots 
ranged from 1.27 to 2.27 mm. 
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Fig. 9.1 The sequence of the stimulus patterns used in this study. Note that only 3 × 
10 repetitions of the specific pattern are shown, while a complete pattern consisted of 5 
× 20 repetitions. Not on scale. 

As previously demonstrated for embossed dot surfaces, dot spacing correlates 
with the subjective roughness of those surfaces (e.g. Chapman et al., 2002; Connor 
et al., 1990; Connor & Johnson, 1992). These studies have shown a near linear 
increase in perceived roughness magnitude with increasing dot distances up to 3 
mm (Connor et al., 1990; Connor & Johnson, 1992) and in some studies for even 
larger distances (Chapman et al., 2002). Connor et al. (1990) found that the increase 
in perceived roughness for these dot distances is preserved for dots with varying 
diameter. This relationship is assumed to hold in the present study, in which the 
average distances between dots are smaller than these aforementioned maxima (see 
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Fig. 9.2B). To find support for this assumption, a pilot study was performed in 
which blindfolded subjects had to order the patterns from the current study 
according to their perceived roughness. This pilot study demonstrated an increase in 
perceived roughness with increasing average distances between dots. Therefore, in 
the present study, a stimulus with a small average distance between dots was 
marked as a smooth stimulus, while a stimulus with a large average distance was 
marked as a rough stimulus. 

 
Fig. 9.2 A) Representation of how a specific part of a particular pattern was 
constructed. B) This figure represents the patterns according to the corresponding 
average distance between dots. An increase in the average distance is assumed to 
correspond to an increase in the perceived roughness 
 
9.3   Experiment 1: Temporal context 
 
This first experiment investigates the influence of temporal context on the haptic 
perception of roughness. The effect of two different adaptation levels (i.e. rough 
and smooth) on the perceived roughness of a subsequently scanned surface was 
studied. 
 
9.3.1  Methods 
 
Conditions 
The experiment included two adaptation conditions and one control condition. In 
the ‘‘rough adaptation condition’’, subjects first adapted their index finger to a 
rough stimulus. Then, they were asked to discriminate between the roughness of a 
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stimulus perceived with the adapted index finger and the roughness of another 
surface perceived with the non-adapted middle finger of the same hand. In the 
‘‘smooth adaptation condition’’, the index finger was adapted to a smooth stimulus 
before the test phase. In the control condition, the test phase was not preceded by 
adaptation. The rough and smooth adaptation stimuli had average distances between 
dots of 2.27 and 1.27 mm, respectively. As much as 11 test stimuli with average dot 
distances ranging from 1.31 to 2.27 mm and a reference stimulus of 1.61 mm 
average distance were used. During the test phase, each combination of a particular 
test and reference stimulus was repeated ten times. Consequently, each condition 
consisted of 110 trials, resulting in a total of 330 trials for the entire experiment. 
The two adaptation conditions lasted approximately 60 min each, while the control 
condition was performed within 30 min. Subjects performed the three conditions on 
different days and in a counterbalanced order. 
 
Procedure 
Before the experiment started, the participants were blindfolded to prevent them 
from using visual information during the experiment. About 25 cm in front of the 
subject, a cardboard framework was fixed on the table. The stimuli could be placed 
in between the borders of this framework in such a way that they could not move 
when the subject explored them (see Fig. 9.3). The subjects were instructed to apply 
a comfortable level of downward force with the tips of the index and middle finger 
and to move with a comfortable speed. The required movement was a forward and 
backward movement over the stimulus surfaces. Within a couple of practice trials, 
this movement pattern was trained. The subjects were asked to keep this movement 
pattern as constant as possible during the experiment. If large deviations from the 
trained movements were observed, instructions were given to correct the 
movement. Once the preferred movement pattern was achieved and the instructions 
were clear, the experimental runs started.  

With regard to the two adaptation conditions, the first trial was preceded by a 
pre-adaptation period of 60 s. In this way, a baseline level of adaptation was 
established before the first test trial started. All other test trials were preceded by an 
adaptation phase of 20 s. To start the adaptation, the participant lowered the tip of 
the index finger of his/her dominant hand onto the stimulus surface and moved it 
over the stimulus surface, as trained during the practice trials (Fig. 9.3A). At the 
end of the adaptation period, the experimenter gave a vocal signal to stop adaptation 
and to move towards the next two stimuli. One of these stimuli was for the index 
finger, and the other one was for the middle finger (Fig. 9.3B). The position of the 
test and reference stimuli (i.e. under index or middle finger) as well as the order of 
the different test–reference combinations for each trial were randomized. Next, the 
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participant simultaneously moved the index and middle finger forward and 
backward over the stimuli. Immediately after completing the exploration, a two-
alternative forced-choice (2AFC) task was conducted; the subject had to say which 
of the two stimuli, i.e. the stimulus scanned with the index or middle finger, felt 
rougher. After the response, the next adaptation phase began. The control condition 
proceeded in the same way, except that there was no adaptation phase. Hence, the 
control condition consisted of only the 2AFC task, which was conducted in the 
same way as during the adaptation conditions. 

                       
Fig. 9.3 A) Index finger moving over the adaptation stimulus. The other two stimuli 
are the test and the reference stimuli for the test phase. A) Index and middle finger 
moving over the two stimuli during the test phase. The arrow indicates which stimuli 
have to be compared. 
 
Analysis 
The difference between the dot distance values of the stimuli scanned with the 
index and middle finger was used as the independent variable. For all subjects and 
conditions, we calculated for each of these differences the fraction with which the 
subject selected the stimulus scanned with the index finger as being rougher 
compared to the middle finger stimulus. A cumulative Gaussian distribution (f) as 
function of the dot distance differences (x) was fitted to the data using the following 
equation: 
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where σ is a measure of the discrimination threshold, indicating the shallowness of 
the curve, and µ is the observer’s point of subjective equality (PSE), representing 
the location of the curve relative to the point of equal physical roughness. The 
discrimination threshold reveals the sensitivity of the subjects to perceived 
roughness differences within the experiment. The PSE corresponds to the physical 
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roughness difference between the stimulus presented to the index finger and the 
stimulus presented to the middle finger that are on average judged as being equal. A 
shift of the curve in the horizontal direction can occur when subjects systematically 
underestimate or overestimate the roughness of the stimulus scanned with the index 
finger as compared to the stimulus scanned with the middle finger. Comparison of 
PSEs (i.e. the shift of the curves) under different conditions can reveal a possible 
effect of adaptation. Examples of this fitting procedure are shown in Fig. 9.4. 

To compare the effects of the different adaptation conditions on the PSE, a 
repeated measures ANOVA was performed, with condition as the within-subject 
factor. Furthermore, the same significance test was performed with the measured 
thresholds to determine if there was an adaptation effect on discrimination ability. If 
significant overall effects were found, a paired comparison post hoc test was 
performed to reveal pairwise differences. To correct for multiple comparisons, a 
Bonferroni adjustment was done. For all statistic tests, α was set at 5 %. 

 

 
Fig. 9.4 Two examples of a psychometric function fitted to the data of a single 
subject. A data point shows, for a particular roughness difference, the fraction of times 
the subject judged the stimulus presented to the index finger as rougher than the 
stimulus presented to the middle finger. The dashed lines indicate the µ values. The 
figures depict a smooth and a rough adaptation stimulus condition with negative and 
positive PSE, respectively.  
 
9.3.2  Results 
 
Fig. 9.5 presents the average results for the effect of texture adaptation on 
roughness perception. The repeated measures ANOVA revealed a significant main 
effect of adaptation condition (F2,18 = 23.2, p < 0.001). As shown in the figure, 
adaptation to a smooth or rough stimulus resulted in negative and positive biases, 
respectively. The average PSEs for the two adaptation conditions were -0.09 mm 
and 0.15 mm, corresponding to 5.3 and 9 % of the average distance between dots of 
the reference stimulus. The negative bias indicates that the perceived roughness of 
the stimulus scanned with the index finger to a smooth stimulus. On the other hand, 
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the positive bias shows that adapting the index finger to a rough stimulus resulted in 
a decrease of the perceived roughness of a subsequently scanned stimulus. Pairwise 
comparison showed that this difference between the two adaptation conditions was 
significant at p < 0.005. Furthermore, significant differences between the two 
adaptation conditions and the control condition were found, with p < 0.05 and   p < 
0.001 for the smooth and rough conditions, respectively. 

To explore the data in more detail, the complete data set was divided into a part 
in which the reference stimulus was scanned with the index finger and a part in 
which the reference stimulus was scanned with the middle finger. A 3 (condition) × 
2 (position) repeated measures ANOVA was performed on this data set, to test for 
significant effects of stimulus position. However, the effect of position was not 
significant (F1,9 = 2.39, p = 0.16). Therefore, there was no need to distinguish 
between the locations of the reference stimulus in the data analysis. 

The average discrimination thresholds for the control, rough adaptation and 
smooth adaptation conditions were 0.15 (SD 0.01), 0.27 (SD 0.07) and 0.20 mm 
(SD 0.03), respectively. A repeated measures ANOVA showed no significant main 
effect of condition on these discrimination thresholds (F2,18 = 2.12, p = 0.15).  
 

            
Fig. 9.5 Mean points of subjective equality (PSE) for the different adaptation 
conditions. The error bars represent the standard errors of the mean. 
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9.4   Experiment 2: Spatial context 
 
The second experiment investigated the spatial contextual influences on roughness 
perception. A rough or smooth inducer stimulus was felt with one finger and its 
effect on roughness perception with an adjacent finger was examined. 
 
9.4.1  Methods 
 
Conditions 
Fig. 9.6 shows a representation of the two conditions. In the ‘‘test–rough inducer 
condition’’, the index finger explored a test stimulus while the middle finger of the 
same hand scanned a rough surface at the same time (‘‘test–rough pair’’). Next, the 
index finger explored a reference stimulus, while the middle finger scanned a 
smooth surface at the same time (‘‘reference–smooth pair’’). The perceived 
roughness of the test stimulus from the ‘‘test–rough pair’’ was compared to the 
perceived roughness of the reference stimulus from the ‘‘reference–smooth pair’’. 

In the ‘‘test–smooth inducer condition’’, the reverse was presented; the test 
stimulus was coupled with a smooth surface (‘‘test–smooth pair’’) and compared to 
the reference stimulus coupled with a rough surface (‘‘reference-rough pair’’). By 
comparing the two conditions, the effect of the inducer stimulus on the perceived 
roughness of the adjacent finger can be revealed. The rough and smooth inducer 
stimuli had the same average distance between dots as the rough and smooth 
adaptation stimuli from Experiment 1. The same test and reference stimuli were 
also used.  

The two inducer conditions were mixed within the same run, and the trials from 
the two different conditions were performed in a random order. The presentation 
order of the test and reference stimuli was also randomized; that is, the reference 
stimulus was felt before the test stimulus in some trials and presented in reverse 
order in other trials. Each condition contained 110 trials, resulting in 220 trials for 
the complete experiment. The experiment was performed within a single session 
lasting approximately 75 min. 

 
Procedure 

The instructions for moving the fingers over the stimuli were the same as for 
Experiment 1; again, some practice trials preceded the experiment. First, the 
participant lowered the tips of the index and middle fingers onto the nearest two 
surfaces (see Fig. 9.7A). The index finger was placed onto the stimulus on the left 
and the middle finger onto the stimulus on the right (for the left-handed subject, the 
stimuli were reversed such that for left- and right-handed subjects the same stimuli 
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Fig. 9.6 Representation of the two inducer conditions; left the test-rough inducer 
condition; right the test-smooth inducer condition.  

 
were scanned with the index and middle finger). Subsequently, participants 
simultaneously performed two forward and backward movements over the stimuli 
with the index and middle fingers (identical to the Experiment 1 test trials). Then, 
they raised their hand, replaced it towards the second pair, and repeated the 
exploration movement (Fig. 9.7B). Immediately after completing the second 
exploration, a 2-AFC task was conducted; the subjects had to compare the two 
stimuli scanned with the index finger and say which of the two was perceived as 
rougher. After responding, the experimenter replaced the surfaces and another trial 
began. 
 
Analysis 
The difference between the average dot distances of the test and reference stimuli 
was used as the independent variable. For all subjects and both conditions, we 
calculated for each of these differences the fraction with which the subject 
responded that the test surface felt rougher compared to the reference surface. The 
same data fitting procedure as in Experiment 1 was used. To compare the effects of 
the inducer stimulus on the PSE and on the discrimination thresholds, repeated 
measures ANOVAs were performed, with condition as the within-subject factor.  

Test

Ref.

Test-Rough inducer Test-Smooth inducer 

Index finger  Middle finger

Test

Ref.

Index finger  Middle finger
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Fig. 9.7 A) Index and middle fingers moving over the first two stimuli during a trial 
from Experiment 2. B) Movement performed during the second part of the trial. The 
arrow indicates which stimuli have to be compared.   
 
9.4.2  Results 
 
Fig. 9.8 shows the effect of the roughness of an inducer stimulus scanned with the 
middle finger on the perceived roughness of a stimulus scanned simultaneously 
with the index finger of the same hand. The average PSEs were 0.10 mm and -0.15 
mm for the smooth and rough inducer conditions, respectively. This corresponds to 
6.4 and 9.2 % of the average distance between dots of the reference stimulus. The 
repeated measures ANOVA showed a significant difference between the smooth 
and rough inducer conditions (F1,9 = 16.5, p < 0.005). As can be seen in Fig. 9.8, a 
smooth inducer stimulus on the middle finger caused a positive bias, meaning that 
the perceived roughness of the stimulus scanned simultaneously with the index 
finger decreased. The negative bias in the rough inducer condition indicates that the 
perceived roughness of the stimulus felt with the index finger increased when a 
rough surface was scanned simultaneously with the middle finger. These results 
show that for both conditions, the perceived roughness of the stimulus felt with the 
index finger shifted toward the roughness of the inducer stimulus. The average 
discrimination thresholds were 0.10 (SD 0.01) and 0.16 mm (SD 0.04) for the 
smooth and rough conditions, respectively. As in Experiment 1, the difference 
between these discrimination thresholds was not significant (F1,9 = 2.85, p = 0.13). 
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Fig. 9.8 Mean points of subjective equality (PSE) for different inducer conditions. 
The error bars are the standard errors of the mean. 
  
9.5   Discussion 
 
The present study investigated the influences of temporal and spatial context on 
haptic roughness perception. It was found that temporal adaptation to a roughly 
(smoothly) textured surface resulted in a decrease (increase) of the perceived 
roughness of a subsequently scanned surface. Furthermore, the spatial context 
exerted its influence by shifting the perceived roughness of a surface towards the 
roughness of a simultaneously scanned inducer stimulus. These results are 
important for understanding the mechanisms involved in haptic roughness 
perception. 
 
9.5.1  Temporal effects 
 
In the first experiment, after scanning a surface for a prolonged period of time with 
the index finger, participants had to discriminate between the roughness of a surface 
scanned with the adapted finger and the roughness of a surface scanned with an 
unadapted adjacent finger. The results showed a temporal context effect. Adaptation 
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to a rough surface decreased perception of a surface scanned subsequently with the 
adapted finger. On the other hand, adaptation to a smoothly textured surface 
increased the perceived roughness of subsequently scanned surfaces. 

These texture adaptation effects are in accordance with results from previous 
studies showing adaptation after effects in the haptic modality (Lederman et al., 
1982; Van der Horst et al., 2008; Vogels et al., 2001). These studies show that 
adaptation to a physical dimension changes the perception of a subsequently 
perceived stimulus. This change is in the opposite direction to that of the adapting 
stimulus. They also proposed that higher levels of processing are involved.  

The fact that rough and smooth adaptation resulted in opposite effects indicates 
that the process involved in texture adaptation is not simply a peripheral effect. If 
that were the case, then scanning either a smooth or rough surface for a prolonged 
period of time should cause the peripheral neurons to be over-stimulated, with the 
smooth surface producing relatively less over-stimulation. Therefore, adaptation to 
a smooth surface should show an effect in the same direction as adaptation to a 
rough surface, with only a smaller magnitude of that effect. Moreover, if it were a 
peripheral effect, then adaptation to a rough stimulus should disturb discrimination 
performance more than adaptation to a smooth stimulus. However, no significant 
difference between the discrimination thresholds measured in the three conditions 
was found, indicating that the ability of discrimination is not disturbed by 
adaptation. Therefore, a peripheral over-stimulation mechanism could not be the 
origin for the presented effect. Consequently, these findings suggest that the texture 
adaptation effect occurs at a higher level of processing. 

Another relevant point is that adapting the index finger to a surface may modify 
the roughness not only of the stimulus subsequently scanned with the index finger, 
but also of the comparison stimulus scanned with the middle finger. Furthermore, 
interaction effects are possible between the signals received from the index and 
middle fingers when they were simultaneously scanning a stimulus during the test 
phase. These confounding factors can result in a decrease of the biases. However, 
the present experiment revealed highly significant effects regardless of these 
confounding factors. This shows that the presented effects are quite robust. 

The results of this study indicate that the spatial pattern is already processed 
further before the effect is manifested. The neurons that code for roughness 
magnitude likely adapt to the roughness of the scanned surface. This finding can be 
explained by structures of the receptive fields of neurons in the somatosensory 
cortex. As stated in the Introduction of this paper, it has been shown that cells in the 
somatosensory and visual cortex have comparable receptive field structures 
(Dicarlo et al., 1998; Hubel & Wiesel, 1962). Visual cortex cells show strong 
adaptation effects (e.g. Blakemore et al., 1973; Carandini et al., 1997; Dragoi et al., 
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2000; Jones & Palmer, 1987). Therefore, we suggest that if the somatosensory cells 
are stimulated with appropriate stimuli, they should show comparable adaptation 
effects, and texture adaptation effects on roughness perception should be found. 
This was indeed the case. Furthermore, the correlation between our findings and 
those of Dicarlo et al. (1998) implies that our stimuli, random dot patterns with 
relatively large distances between dots, are appropriate stimuli for these adaptation 
neurons. Probably, these neurons do not respond in the same way to patterns with 
smaller dot distances, as those used by Hollins et al. (2006), or these patterns are 
too weak to cause significant adaptation effects. In general, the texture adaptation 
effect presented here supports the argument that visual and haptic modalities have 
similar structures and functions. 
 
9.5.2  Spatial effects 
 
The second experiment was based on the spatial influences of the context during 
haptic roughness perception. Participants had to discriminate between the roughness 
of two successively scanned surfaces while scanning a smooth or rough surface 
with an adjacent finger. The results showed that the perceived the roughness of a 
surface scanned with the index finger changed in the direction of the inducer 
stimulus; e.g. a smooth surface felt smoother (rougher) when perceived in the 
context of a smooth (rough) stimulus. 

This spatial contextual effect supports findings from neurophysiological studies, 
which show that integration of information received from different fingers occurs 
along the processing pathway (Biermann et al., 1998; Forss et al., 1995; Gandevia 
et al., 1983; Iwamura et al., 1983). In addition, the present results show that this 
integration effect is also visible when natural stimuli are used and explored actively. 
This contrasts with the results from the study by Dorsch et al. (2001), where 
exploration of abrasive papers with two fingers did not result in any integration 
effects; however, the use of abrasive papers could have influenced their result.  

The shift in perceived roughness of the adjacent stimulus resembles the visual 
assimilation effect, which also occurs when the appearance of the test shifts towards 
the appearance of the inducer (e.g. Cao & Shevell, 2005; Smith et al., 2001). Some 
neural mechanisms are proposed to account for observed assimilation effects in the 
visual domain (Cao & Shevell, 2005; De Weert & Van Kruysbergen, 1997; Shevell 
& Wei, 2000). One suggested mechanism is spatial averaging of the neural signals 
in combination with the size of the receptive fields. During presentation of stimuli 
composed of a test and inducer rings, only the stimuli containing smaller inducer 
rings results in assimilation. It has been proposed that if neural spatial summation 
occurs in the centres of the centre-surround receptive fields and the inducer rings 
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are small enough to fall within the centre of the receptive field that also registers the 
test stimulus, then an assimilation effect will occur. The spatial contextual effect in 
haptic roughness perception could be explained by a comparable mechanism in 
which signals from the index finger and from the inducer middle finger both fall 
within the centre of the same receptive field, producing the assimilation effect. 
These receptive fields could be the multi-finger receptive fields that were found at 
the level of the somatosensory cortex where integration of information received 
from different fingers occurs (Biermann et al., 1998; Fitzgerald et al., 2006; Forss et 
al., 1995; Iwamura et al., 1983; Sinclair & Burton, 1993). 

 
9.6   Conclusion 
 
The results from the present two experiments show strong effects of context during 
haptic perception of roughness. Temporal adaptation causes roughness perception 
to shift away from the roughness of the adaptation stimulus (i.e. contrast after 
effect), while simultaneous stimulation of the fingers causes the perception to shift 
towards the adjacent stimulus (i.e. assimilation effect). Although these effects seem 
contradictory, we can explain them using comparable mechanisms. We suggest that 
these effects do not manifest themselves at a lower, peripheral level of processing, 
but rather that high-level mechanisms are involved. Structures of the cortical 
receptive fields are proposed as an explanation for the temporal as well as spatial 
contextual effects. The analogies with comparable effects in the visual system 
emphasize the similarities of the different modalities. 
 
 
 



CHAPTER 10 
 

Summary and Conclusions 
 
 
 
The present thesis described studies on the haptic perception of object properties, 
focusing on the perception of volume, weight and roughness. These properties are 
fundamental during interactions with and manipulations of objects that we 
encounter in our environment. The presented psychophysical experiments clearly 
demonstrated how our percepts could be influenced by other object properties or by 
the context in which the objects had to be explored, revealing that our percepts are 
not veridical. In addition to the experiments performed under purely haptic 
conditions, the influence of visual cues was also addressed in some of the studies. 
The results revealed both similarities and differences between the effects observed 
in the studied modalities.  

In this last part of my thesis, I will summarize the main conclusions from the 
individual studies and elaborate also on some general insights that have been 
gained.  
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10.1  Perception of volume 
 
The first part of this thesis described experiments on volume perception of 3-
dimensional objects. Chapters 2, 3 and 4 investigated volume perception during 
comparison of differently shaped objects. In Chapters 5 and 6 subjects were asked 
to compare the volumes of same-shaped objects. These studies will be discussed 
successively.  
 
10.1.1  Comparison of differently shaped objects 
 
Volume judgments of differently shaped objects were shown to be biased strongly 
by the objects’ shape. Large perceptual biases were observed for the comparison of 
small objects during unimanual haptic conditions (Chapter 2), visual and bimodal 
conditions (Chapter 3), as well as for bimanual comparison of large objects 
(Chapter 4). The direction of the biases in the different experiments was the same; a 
tetrahedron was perceived as larger in volume than a cube or a sphere of the same 
physical volume, and a cube was perceived as larger that a sphere. Based on 
previous findings showing that volume perception of cylindrical objects was based 
on the height of objects during visual (e.g. Frayman & Dawson, 1981; Holmberg, 
1975; Piaget, 1968; Stanek, 1968, 1969) and bimodal judgments (Krishna, 2006) 
and on the width during haptic judgments (Krishna, 2006), the biases measured in 
the present studies were further analyzed in order to reveal whether they could be 
explained by the subjects’ tendency to base the volume judgment on a specific 
geometric object dimension as well. These analyses revealed that the haptic and 
bimodal biases with the small objects could be explained by the dependence of the 
volume judgment on the total surface area of the objects. The visual data were less 
straightforward; the applied strategies depended on the objects that were compared 
and they were also subject-dependent. Also, the biases during bimanual exploration 
of the large objects could not be explained by a tendency to base the volume 
judgment on a specific geometric object property.  

These findings suggest that the strategies that are used for volume comparison 
of differently shaped objects are modality-specific. A possible explanation for this 
modality effect might be related to object- and modality-specific saliency of object 
properties. When exploring a small object by way of enclosure, the cutaneous 
receptors in the skin of the hand palm will be stimulated mainly by the total surface 
area of the objects. Therefore, attention will be directed to this property and 
consequently the volume judgment will be based on that property. However, when 
the surface area was removed, by use of wire-framed objects, the volume judgment 
was still not veridical and was influenced by the longest linear dimension of the 
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objects. During haptic exploration of the small solid objects, there was almost no 
variability in the way the objects were explored. Therefore, the judgments were the 
same for the different object comparisons and also for the different subjects. In 
contrast, when these objects were to be explored visually the strategies depended 
strongly on the objects that were to be compared. Nevertheless, the selection of a 
specific strategy could again be related to the saliency of object properties. For 
example, when comparing a tetrahedron to a sphere, the most obvious difference 
between these two objects is their height; therefore the judgment was biased mainly 
by this dimension. On the other hand, when visually comparing a cube to a sphere 
there is not such an obvious difference in the height of these objects and therefore it 
would not be efficient to base the judgment on this dimension. Furthermore, the 
visual data was found to be subject dependent. These large individual differences in 
the applied strategies were also observed for the bimanual exploration of the large 
objects. For example, one strategy that some subjects applied was holding the 
object in one hand and exploring the rest of the object by the other hand in a smooth 
movement over the object. Another strategy that was applied frequently consisted 
of a sequential exploration of the different sides of the object, with the object being 
always in between the two hands. These different strategies may influence the 
perception of volume in different ways, resulting in a variety of biases.  

We can conclude that the volume judgment of small differently shaped objects 
is based on the most salient object dimension for both vision and touch, but which 
dimension is salient depended on the objects that were compared. Moreover, during 
bimodal exploration the haptic cues dominated the visual cues. Finally, when 
exploring large objects, the volume judgment probably depended on the subjects’ 
exploration strategy. 
 
10.1.2  Comparison of same-shaped objects 
 
In Chapters 5 and 6 the subjects were asked to perform a volume comparison for 
same-shaped objects. The purpose of Chapter 5 was to further investigate the effect 
of salient object properties on volume perception. In contrast to the studies 
discussed previously that addressed the influence of geometric object properties, the 
study described in Chapter 5 focused on the influence of salient material properties. 
This study showed that a smooth cube was perceived as larger in volume than a 
rough cube of the same physical volume. This finding was surprising, since we 
expected that the rough cube would be more salient, because of the rough surface, 
and would consequently be perceived as larger. Apparently, there are some other 
factors involved in the occurrence of the observed effect. Furthermore, a cube with 
a higher thermal conductivity was perceived as larger in volume than a cube with a 
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lower thermal conductivity. The influence of the thermal conductivity was not 
changed by an increase or a decrease of the temperature of the test objects, 
suggesting that the observed effect could not be related to the heat exchange 
between hand and object during exploration. These studies demonstrated that 
material properties have a strong influence on haptic volume perception. However, 
further research is needed in order to reveal more clearly whether this influence can 
be related directly to the relative saliency of specific material properties. 
 The second study that investigated the volume judgment of same-shaped objects 
focused not on the measurement of perceptual biases, as was the case for the studies 
discussed up to here, but on the measurement of the discrimination thresholds for 
volume. This is the smallest difference in volume that could be perceived when 
comparing two same-shaped objects. Chapter 6 showed that the Weber fractions for 
volume discrimination ranged between 0.11 and 0.21. As for the volume judgment 
of differently shaped objects, the discrimination of the volume of same-shaped 
objects was also influenced by the shape of the objects. The Weber fraction for the 
tetrahedron was larger than the fraction for the sphere, indicating that the volume 
judgment was more difficult when comparing tetrahedrons than when comparing 
spheres. We proposed that this effect might be caused by a possible interference 
effect of the rather salient edges and vertices of the tetrahedrons.  
 In addition, the study described in Chapter 6 compared the subjects’ 
performance when they were asked to judge the volume of objects to the 
performance when they had to judge the surface area of the objects. No difference 
between these two tasks was found, suggesting that the same strategies were used 
for the discrimination of volume as for the discrimination of surface area. This 
finding resembles the results from Chapter 2, which showed that for the 
comparison of differently shaped objects the subjects also used comparable 
strategies for both volume and surface area tasks. Furthermore, Chapter 6 also 
demonstrated that availability of mass information did not aid volume 
discrimination. The Weber fractions in conditions with both mass and volume 
information resembled more the fractions found in conditions with only volume 
information than those found in conditions with only mass information. This may 
be related to the finding that the Weber fractions for weight discrimination were 
significantly higher than those for volume discrimination and that the judgment was 
based on the property that could be perceived more efficiently. In contrast to this, 
Chapter 2 revealed that when subjects had to explore differently shaped objects and 
to discriminate their volumes, the judgment was aided by the availability of mass 
cues. Perhaps, the availability of mass cues during the comparison of differently 
shaped objects directed attention away from the salient surface area and therefore 
the judgment was less biased than in the condition without mass information. 
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However, for volume comparison of same-shaped objects the availability of mass 
information may only interfere with the task by directing attention away from the 
volume judgment and towards the less efficient weight judgment. 
 
10.1.3  General insights into volume perception 
 
These experiments showed that volume perception is not veridical and that it is 
strongly influenced by geometric and material properties. The analyses of the 
results revealed that the saliency of different object properties plays an important 
role during volume perception of 3-D objects. Furthermore, an interesting 
observation is that availability of more information does not necessarily result in a 
better performance. For example, availability of mass information did not aid the 
volume judgment of same-shaped objects and the performance in bimodal 
conditions was not better than the performance in conditions with only haptic 
information.  
 
10.2  Perception of weight 
 
The second part of the present thesis focused on the perception of the weight itself. 
The main question addressed in Chapters 7 and 8 was whether the shape of objects 
would have an effect on the weight judgment of differently shaped objects. Chapter 
7 showed, for a purely haptic condition, a strong influence of shape on weight 
perception of differently shaped objects; the perceptually smaller objects, as 
measured in Chapter 2, were perceived as being heavier. This suggested that the 
influence of shape on perceived weight might be mediated by the perceived size of 
the objects. However, the magnitude of the observed biases could not be explained 
by a direct effect of the perceived size on the perceived weight of objects, 
indicating that some other factors were involved in the occurrence of this illusion. 
These factors might be subject-dependent since large individual differences in the 
direction and the magnitude of the biases were found. In contrast, these individual 
differences were not observed during the haptic judgment of the volume of these 
objects (Chapter 2), for which the design was identical to the weight experiment. In 
both the weight and the volume judgment experiments, the subjects were presented 
with the same objects and were asked to explore them in the same way. The only 
difference was that they had to judge either the weight or the volume. Nevertheless, 
different results were obtained not only in the direction but also in the stability of 
the biases. This finding suggests that different mechanisms are involved in the 
perception of volume and the perception of weight of 3-D objects.  



Conclusions 142 

Chapter 8 demonstrated that the weight percept was influenced by the shape of 
objects also during bimodal exploration. The direction and the magnitude of these 
biases were not significantly different from those observed during the purely haptic 
conditions, revealing that haptic cues were sufficient for the occurrence of an 
illusion of the same strength as the illusion with both visual and haptic information. 
This finding resembles the effects of shape on volume perception under haptic and 
bimodal conditions, which also did not differ (Chapter 3).  This suggests that the 
observed effects of shape, both for volume and weight perception, are not modality 
specific but that more general mechanisms are involved. For the effects observed 
during the volume judgment tasks, we were able to provide some plausible 
explanations based on the saliency of object properties, as described previously. 
However, the effect of shape on weight perception is strong, but the processes 
involved in the occurrence of this effect are not unambiguous and simple. Further 
research may focus on understanding the origin of the individual differences found 
during the weight judgment task as well as on the contribution of different 
exploration strategies. 
 
10.3  Perception of roughness 
 
The last part of this thesis focused on the perception of material properties. The 
chapters discussed up to here addressed the influence of one object property on the 
perception of another object property. The last study presented in this thesis 
investigated whether exploration of a particular material property would influence 
the perception of that property itself but perceived subsequently (temporal context) 
or simultaneously but with a different part of the hand (spatial context). The 
experiments in Chapter 9 focused on the perception of roughness, a material 
property that was already addressed in Chapter 5.  The results showed that 
adaptation to a rough surface resulted in a decrease of the perceived roughness of a 
surface subsequently scanned with the adapted finger, whereas adaptation to a 
smooth surface resulted in an increase of the perceived roughness. In addition, 
perceived roughness of a surface explored with one finger shifted towards the 
roughness of the surface scanned with an adjacent finger. These findings indicate 
that the perception of roughness is also not veridical and that it can be influenced by 
the context in which the stimuli had to be explored. The proposed explanation for 
these processes was not related to low-level processes, as was the case for the 
influence of different salient object properties on the perception of volume, but to 
higher level cognitive mechanisms related to the structures of the cortical receptive 
fields.  
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10.4  To sum up 
 
The perception of volume, weight and roughness is not veridical. The experiments 
presented here demonstrated how the perception of these properties can be 
influenced by other properties of the objects itself or by the context in which the 
objects had to be explored. The present thesis characterized the different illusions 
and revealed some insights into the underlying processes. 

At the end of this thesis, we can say that these experiments have increased our 
understanding of the perception of three important object properties. The 
knowledge that we have gained may be an inspiration for others to investigate the 
perception of these object properties in more detail, in order to further disentangle 
the mechanisms that are involved in the occurrence of the studied illusions. The 
presented ideas and findings may also be helpful for a deeper understanding of 
more general processes involved in manipulation and recognition of 3-D objects. 
The strong and consistent biases during haptic perception of object properties might 
play a role during different manipulations of 3-D objects, such as grasping and 
lifting. It is important to take into account these effects when trying to explain these 
more general processes. The present findings may also be important for specific 
applications. For example, the finding that shape has an influence on volume 
perception may be relevant for package designers. Another application may be in 
the field of the development of haptic interfaces. The strong illusions reveal that the 
percept of a property may deviate strongly from the physical properties of the 
objects. A physically larger button will not necessary be perceived as being larger. 
Also, a part of a tactile map that is physically rougher than another part may not be 
perceived as rougher because of influences of the textures by which it is 
surrounded. In order to avoid or at least to decrease the occurrence of these 
misperceptions, designers should be aware of the illusions described in the present 
thesis.  
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Samenvatting 
 
Objecten kunnen worden beschreven aan de hand van verschillende eigenschappen; 
vorm, grootte, materiaal, gewicht. Elke eigenschap kan afzonderlijk worden 
waargenomen door onze zintuigen, maar tegelijk kunnen verschillende 
eigenschappen elkaars waarneming beïnvloeden. In dat geval kunnen er illusies 
optreden; een eigenschap wordt anders waargenomen dan zijn fysieke waarde. Dit 
proefschrift is gericht op de waarneming met het tastzintuig, ook wel bekend als 
haptische waarneming. Het bestuderen van de waarneming van 
objecteigenschappen en het optreden van illusies kan inzichten verschaffen in de 
werking van het zintuig. Naast het wetenschappelijk belang, kan dit soort 
onderzoek ook een bijdrage leveren aan de praktijk. Ter illustratie, de verworven 
kennis kan worden toegepast bij de ontwikkeling van op afstand bestuurbare 
machines/systemen, waarbij het van belang is om te weten wat het tastzintuig waar 
kan nemen en waar de grenzen van deze waarneming liggen. Daarnaast kan de 
verworven kennis ook van belang zijn voor mensen met beperkingen aan andere 
zintuigen, vooral voor mensen met visuele beperkingen. Het bestuderen van het 
vermogen van de tastzin kan een bijdrage leveren aan de ontwikkeling van nieuwe 
middelen om deze mensen te ondersteunen, zoals verschillende haptische 
interfaces.  

De studies beschreven in dit proefschrift richten zich op de haptische 
waarneming van volume, gewicht en ruwheid en de daarbij optredende illusies. De 
belangrijkste vindingen worden hieronder samengevat.    
 
Volume 
 De eerste paar studies onderzoeken de waarneming van het volume van 3-
dimensionale objecten en focussen voornamelijk op de vraag hoe deze waarneming 
wordt beïnvloed door de objectvorm. Tijdens de experimenten werd proefpersonen 
gevraagd twee objecten met elkaar te vergelijken en aan te geven welk object een 
groter volume heeft. Objectvorm blijkt een systematische invloed te hebben op de 
volumebepaling; tetraëders werden groter in volume ervaren dan bollen en 
kubussen met hetzelfde fysieke volume, en kubussen werden als groter ervaren dan 
bollen. Dit patroon werd gevonden voor haptische waarneming van kleine objecten 
die met één hand werden bevoeld (hoofdstuk 2), voor visuele en bimodale 
(haptische en visuele) waarneming van deze objecten (hoofdstuk 3), en voor de 
haptische waarneming van grote objecten die met twee handen tegelijk werden 
bevoeld (hoofdstuk 4). Wij stellen dat deze illusies optreden omdat proefpersonen 
het volume niet direct kunnen waarnemen. Het blijkt dat ze het volume van de 
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verschillende objecten onderscheiden op basis van andere objecteigenschappen. 
Bijvoorbeeld, wanneer tijdens haptische condities wordt gevraagd om het volume 
van objecten te vergelijken dan ervaren proefpersonen twee objecten met hetzelfde 
fysieke oppervlak als gelijk. Dit leidt tot illusies aangezien er een verschil is in het 
volume van twee objecten die hetzelfde oppervlak hebben maar verschillen in hun 
vorm. Onze theorie is dat de volumebepaling wordt gebaseerd op de meest 
opvallende objecteigenschap en dat exploratiestrategieën hierbij een rol kunnen 
spelen. 
 Het materiaal waarvan objecten gemaakt zijn blijkt ook een invloed te hebben 
op de haptische volumewaarneming (hoofdstuk 5). Wanneer proefpersonen werd 
gevraagd om het volume van twee fysisch even grote kubussen te vergelijken, 
namen ze een kubus met een glad oppervlak als groter waar dan een kubus met een 
ruw oppervlak. Ook werd een kubus met een grotere thermische geleidbaarheid als 
groter waargenomen dan een kubus met een kleinere thermische geleidbaarheid. 
Deze effecten zijn sterk en consistent maar vervolgstudies moeten uitwijzen of ze, 
net als de effecten van vorm, kunnen worden gekoppeld aan de opvallendheid van 
bepaalde eigenschappen.  
 Hoofdstuk 6 richt zich op het vermogen om het volume van twee objecten met 
dezelfde vorm haptisch van elkaar te onderscheiden. De gevonden Weberfracties 
(het relatieve verschil tussen twee volumes die men nog nauwkeurig kan 
onderscheiden) varieerden tussen 0,11 en 0,21. Dit onderscheidingsvermogen werd 
niet beter wanneer men naast volume-informatie ook beschikte over 
gewichtsinformatie. Tevens bleek de discriminatiedrempel voor gewicht hoger te 
zijn dan deze voor volume. De gemeten drempels geven inzicht in de 
nauwkeurigheid van het tastzintuig en kunnen worden gebruikt als leidraad voor 
verdere studies naar volumewaarneming, waarbij het bijvoorbeeld voor de bepaling 
van de stimulusrange van belang kan zijn om te weten wat het kleinste verschil in 
volume is dat proefpersonen nog kunnen discrimineren.  
 
Gewicht 
De hoofdvraag in hoofdstukken 7 en 8 is of ook de waarneming van het gewicht van 
3-D objecten wordt beïnvloed door hun vorm. Hoofdstuk 7 laat zien dat tijdens 
haptische waarneming een perceptueel kleiner object, zoals gemeten in hoofdstuk 2, 
als zwaarder werd ervaren dan een perceptueel groter object. Uit hoofdstuk 8 blijkt 
dat dezelfde effecten ook optreden wanneer proefpersonen zowel haptische als 
visuele informatie konden gebruiken tijdens de taak. Deze effecten zijn sterk, maar 
een eenduidige verklaring ervoor ontbreekt, mede omdat er grote individuele 
verschillen zichtbaar zijn in de data. Vervolgonderzoek zou zich kunnen richten op 
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het nader bestuderen van deze individuele verschillen, mogelijk in relatie tot het 
hanteren van verschillende exploratiestrategieën.  
 
Ruwheid 
Tot slot blijkt uit de studies in hoofdstuk 9 dat de haptische waarneming van 
ruwheid ook niet geheel waarheidsgetrouw is. Een oppervlak voelt ruwer (gladder) 
aan wanneer voorafgaand aan de waarneming geadapteerd is aan een glad (ruw) 
oppervlak. Tevens blijkt dat als de middelvinger een ruw (glad) oppervlak bevoelt, 
het oppervlak onder de wijsvinger als ruwer (gladder) wordt ervaren. De verklaring 
voor deze effecten werd gerelateerd aan de structuur van receptieve velden van 
neuronen in het brein, om zo haptische waarneming en de werking van het brein 
beter in kaart te brengen. 
 
Al deze studies laten zien dat onze waarneming van objecteigenschappen sterk kan 
worden beïnvloed door verschillende factoren. In het huidige proefschrift heb ik 
verschillende illusies beschreven en geprobeerd de onderliggende mechanismen te 
ontrafelen. De kennis verworven in deze studies kan de wetenschap helpen om 
waarnemingsprocessen beter in kaart te brengen. Daarnaast kunnen de sterke en 
consistente illusies bijvoorbeeld een rol spelen tijdens verschillende manipulaties 
van 3-D objecten, zoals het grijpen en optillen van objecten. Het is van belang om 
de hier beschreven effecten mee te nemen bij het verklaren van deze processen. 

De huidige resultaten kunnen ook van belang zijn voor specifieke toepassingen. 
Bijvoorbeeld, de vinding dat vorm van invloed is op volumeperceptie kan relevant 
zijn voor de verpakkingsindustrie. Een andere toepassing kan worden gezocht in de 
ontwikkeling van haptische interfaces. Bijvoorbeeld, een fysisch grotere knop hoeft 
niet noodzakelijk ook als groter te worden waargenomen. Daarnaast kunnen twee 
delen van een tactiele kaart die fysisch dezelfde ruwheid hebben verschillend 
(ruw/gladder) aanvoelen onder invloed van texturen die zich bevinden op 
aangrenzende delen van de kaart en die tijdens het verkennen ook met de hand 
worden aangeraakt. Ontwerpers zullen er goed aan doen bewust om te gaan met de 
huidige bevindingen, om zo mogelijke systematische afwijkingen in de waarneming 
te voorkomen of te verminderen.  
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